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Abstract 
The main purpose of this thesis was to develop a first principles model for 
predicting human local thermal comfort responses to asymmetric radiation 
environments. The research deployed state-of-the-art computer simulation 
techniques to model in detail inhomogeneous short-wave and long-wave 
radiative heat exchanges of standing and sedentary humans. Detailed 3D 
human geometry models, simulation software incorporating advanced, voxel-
based ray techniques and statistical regression analysis were used to accurately 
model human local geometry-related characteristics, i.e. projected area factors 
with respect to both direct and diffuse solar radiation, and view factors for 
individual parts of the human body. 
The local projected area factors with respect to direct short-wave radiation 
(fp,dir) were presented as functions of the solar azimuth angle (a) between 0 0 < 
a < 360 0 and the solar altitude (jJ) angles between -90 0 <fi<+90o. In case of 
diffuse solar radiation from the isotropic sky the local human projected area 
factors (fp,dij) were modelled as a function of the ground albedo (pg) ranging 
between 0< pg <1. The functions were validated against available experimental 
data and showed good general agreement with projected area factors measured 
for both the human body as a whole and for local quantities. 
The view factors of individual body parts were modelled as functions of local 
projected area factors. This technique makes it possible to predict view factors 
between individual body parts and surrounding surfaces for almost any 
arbitrary geometrical configurations. ·Validation showed good agreement with 
available experimental data for both standing and sedentary humans. 
The detailed projected area factors and view factors developed were used in 
conjunction with the IESD-Fiala multi-node model of human heat transfer and 
thermal comfort to predict thermal responses of subjects exposed to various 
asymmetric radiation conditions. The extended model showed good agreement 
with available measured data obtained for frontal, lateral, horizontal and 
vertical thermal radiation asymmetries as well as for direct solar radiation. 
A new comfort model was developed using physiological parameters which 
predicts human local responses to asymmetric radiation in terms of percentage 
of dissatisfied due to local discomfort. Both local cold discomfort (LCD) and 
local warm discomfort (LWD) which are based on different physiological 
principles - were modelled as two separate responses. LCD was found to be a 
function of the sensitivity-weighted local skin temperature as related to the 
actual general thermal state of the human body described by the mean skin 
temperature. LWD was modelled as an exclusive function of local influences, i.e. 
the (sensitivity-weighted) local skin temperatures and the corresponding local 
setpoint values (referring to skin temperatures in a thermo-neutral environment 
of 30°C). The new model was verified and validated using various experiments 
in which the subjects were exposed to different types of asymmetric radiation 
conditions. The test showed good/acceptable level of agreement with measured 
data regarding the percentage of dissatisfied due to local discomfort, the 
location on the body where discomfort was perceived, as well as the dynamics of 
the local response (Le. time dependence). 
The new comfort model was linked with a building simulation program to 
predict thermal comfort conditions in buildings. A computational procedure 
was developed to enable this in conjunction with ESP-r which is one of the most 
well known building simulation programs. The new link enables researchers to 
perform detailed thermal comfort analysis and occupant implications of the 
dynamic climate conditions in buildings with daily, monthly, seasonal and 
annual statistics, and facilitates to quantify the thermal comfort implications of 
different building designs and individual constructions. 
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Thermal comfort is the primary goal of the heating and conditioning industry to 
create comfortable conditions. Current comfort standards, such as ASHRAE 
Standard 55 (2004) specify a "comfort zone" which represents the optimum 
range for combinations of thermal factors (air temperature, radiant 
temperature, air velocity, relative humidity) and personal factors (clothing and 
activity level) with which at least 90% of the occupants are expected to express 
satisfaction. Thereby, occupant comfort refers to the human body as a whole 
which predicted by the PMV (predicted mean vote) and PPD (predicted 
percentage of dissatisfied) indices (Fanger, 1970). In addition to the general 
(dis)comfort, however, local thermal discomfort may be perceived at different 
body parts under inhomogeneous environmental conditions such as enclosures 
with non-uniform surrounding surface temperatures, (Fanger et al.,198s; 
McNall and Biddison, 1970); due to draughts, (e.g. Fanger et al., 1977); or 
vertical air temperature gradients, (e.g. Olesen et al., 1979). Fiala (1998) and 
others indicated that overall thermal comfort indices cannot be used to predict 
local thermal (dis)comfort. The reason for this are the different physiological 
mechanisms which govern the perception of the general and local thermal 
(dis)comfort. While the overall response reflects an integration of thermal 
stimuli from various body sites local comfort responses appear to be associated 
with local cutaneous thermoreception, i.e. depend on the local skin temperature, 
Hensel (1979), Fiala (2003). 
Chapter 1: Introduction 1 
In real life, human beings are frequently subjected to asymmetric radiation 
which influences the acceptability of environmental conditions e.g. inside 
buildings, cars, aircraft cabins and in other artificial environments. Critical, life 
threatening situations arise from exposures to fire and intense heat. Outdoors 
and indoors, direct and diffuse solar radiation may subject parts of the human 
body to radiant temperature will above 50°C. Even when room or zone is 
maintained at a comfortable condition (temperature, humidity etc.), occupants 
may still experience significant discomfort due to asymmetric long-wave 
radiation caused by cold windows and walls, chilled panels, hot radiators, 
heated floors, etc. Uncomfortable environmental conditions, for example, in 
cars and aircraft cabins slow down the reaction times of drivers and pilots 
(Haghighat et al., 1998 and 1999). In buildings, asymmetric radiation makes 
occupied zones uncomfortable causing restrictions in the usability and 
functionality of spaces, and reducing occupants' performance at the workplace. 
Interna~ional standards define limits for local discomfort due to asymmetric 
thermal radiation in terms of the so called "radiant temperature asymmetry" 
which is the difference between "two plane radiant temperatures measured on 
opposite sides of a small plane element placed o.6m vertically or horizontally 
above the floor" (ASHRAE Standard 55, 2004). These asymmetry limits have 
been measured for cold and warm walls and ceilings for sedentary subjects clad 
in a standard uniform, exposed to comfortable operative temperatures, still air, 
and under specific geometrical configurations (Figure 1.1). 
The validity of these environmental asymmetry limits, however, becomes 
questionable when the boundary conditions for which they. were obtained 
change. For example, in the presence of increased air speed elevated convective-
cooling of the skin might influence the acceptability of the actual radiant 
asymmetry. Similarly, the acceptability of a certain radiant asymmetry (Le. a 
temperature difference) will vary with the general level of the mean radiant 
temperature in a room. 
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Figure 1.1 Percentage of people who expressed discomfort regarding 
asymmetric radiation (ASHRAE Standard 55, 2004). 
Furthermore, the currently used asymmetry limits are, strictly speaking, only 
valid for the specific geometric situation found in the experiment. In reality, a 
three dimensional human body will experience (particularly in confined spaces) 
a different temperature asymmetry than that measured by a small plane 
element. 
1.2 Experimental knowledge on thermal comfort in 
asymmetric radiation environments 
The effect of asymmetric radiation on human thermal comfort has been 
subjected to various experimental studies over the past five decades. Chrenko 
(1953), for example, undertook short exposure experiments in which he found 
out that radiation of heat from above a person causing an increase in the mean 
. radiant temperature of more than 2°C may result in an unpleasant sensation of 
temperature at upper body parts, especially the head. A significant number of 
the subjects complained of general warm discomfort. 
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Comprehensive experiments were undertaken by McNall and Biddison (1970) in 
which, 234 subjects were exposed to asymmetric radiation due to cold and 
warm surfaces of the surroundings. Thermal sensations were recorded under 
four series of exposure: hot ceiling, cool ceiling warm and cold spatial walls. The 
subjects were exposed to surface temperatures which were, in one experiment, 
37°C higher and, in another experiment, 15°C lower than the balance of the 
chamber surface temperatures. In the third and fourth experiment the subjects 
were exposed spatially to wall temperatures which were 35°C higher and HOC 
lower than the remaining surrounding temperatures. As a result, thermal 
discomfort due to radiant asymmetry was observed only in the test where the 
spatial wall was 35°C warmer than ambient temperature. In all other exposures 
local thermal discomfort due to radiant asymmetry was regarded as 
insignificant. 
McIntyre and Griffiths (1972) studied the relative importance of air temperature 
and mean radiant temperature in influencing a person's sensation of warmth. 
One of their objectives was to identify whether a 'warm' mean radiant 
temperature would result in similar feelings compared to air temperatures of 
equivalent 'warmth'. In these trials, sixteen male subjects were exposed to 
twelve different combinations of mean radiant temperature (MRT) and air 
temperature (Ta): 19 and 22°C, 19 and 28°C, 22 and 16°C, 22 and 22°C, 22 and 
28°C, 25 and 16°C, 25 and 28°C, 25 and 34 °C, 28 and 26°C, 28 and 28°C, 28 
and 34°C, and 31 and 22°C. The study confirmed that the subjects did not 
distinguish between radiant and convective removal of heat from their body in 
uniform environments. The experiments were then extended for the effect of a 
hot ceiling on thermal comfort. Twenty four subjects (of whom eight were bald) 
were exposed seated to the following ceiling temperatures: 26, 30, 38 and 45°C 
while the wall temperatures were set at 26, 25, 20 and 15°C, respectively. It was 
observed that a combination of high ceiling temperature and cool walls was 
perceived as cooler than a uniform environment with the same mean radiant 
temperature (baldness and seat height were generally unimportant). However, 
the subjects did not rate the hot ceiling conditions as more uncomfortable or 
more unpleasant compared to the other cases investigated. The findings of both 
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Griffiths and McIntyre (1974), and McIntyre (1977) indicated that a ceiling of up 
to 45°C maximum temperature (view factor between the body and the ceiling 
was about 0.10) did not produce any significant discomfort when compared 
with the control uniform conditions. 
Olesen et al. (1972) studied thermal comfort limits for humans exposed to 
horizontal radiant asymmetries while keeping the overall radiation conditions at 
a thermoneutral level. Sixteen subjects (eight females ·and eight males) were 
exposed to four different arrangements of surrounding surface temperatures: 
cold left-warm right, cold right-warm left, cold front-warm back and warm 
front-cold back. The subjects wore light clothing (0.1 clo) in order to maximize 
the sensitivity to the radiation. In the experiments, temperature of the vertical 
plane was changed in opposite increment of 5°C every 30 minutes (by 
decreasing the temperature in one of the end walls and simultaneously 
increasing the temperature of the opposite wall). The plane radiant temperature 
asymmetries investigated were 5, 10, 15 and 20°C. The findings showed that the 
subjects could sense the asymmetric radiation at a certain level independently of 
the direction they were facing. The subjects accepted the highest degree of 
asymmetry when facing the cold wall (having the warm wall at the back). 
Radiant asymmetry caused by the cold left-warm right (or cold right-warm left) 
was felt to be most uncomfortable followed by the warm front-cold back as the 
second most uncomfortable conditions. The authors also recommended the 
following formula for estimating the limits of acceptable temperature difference 
between a vertical surface and the mean radiant temperature: 
where lcl = clo-value of clothing, 
CPpw = view factor between the person and radiant source, 
!l.tw = temperature difference between the radiant source, and 
the mean radiant temperature. 
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Other extensive experimental trials were carried out by Fanger et al. (1980) in 
which sixteen college-age persons (eight males and eight females) were seated 
exposed to a heated ceiling. The purpose of the study was to determine the 
asymmetric radiation limits to which man can be exposed without feeling local 
discomfort. The experiments were run for the following vertical radiant 
temperature asymmetries: 0, 4.5, 9.2, 14.1, 20.4 and 23.6K. The subjects 
perceived local discomfort either at the head (uncomfortably warm) or at the 
feet (uncomfortably cool) or at both places at the same time (with the 
discomfort/sensation of cold on the feet being almost as frequent as a warm 
discomfort/sensation on the head). 
Fanger et al. (1985) conducted three other experimental series to measure the 
comfort limits for asymmetric radiation due to a cool spatial wall, warm spatial 
wall and cool ceiling. In the cool wall series, thirty two persons were involved 
while sixteen persons were used as subjects in the warm wall and cool ceiling 
experiments. In all exposures, the overall environmental conditions were 
adjusted to achieve global thermal comfort of the subjects so any reported 
complaints were solely due to local cool or local warm discomfort. Radiant 
asymmetry caused by the warm ceiling was felt to be most uncomfortable 
followed by the cool wall as the second most uncomfortable condition. The cool 
ceiling and the warm wall caused only few complains. 
All the experimental results obtained by Fanger et al. (1980 and 1985) are 
summarised in Figure 1.1. Today they form the basis for evaluating asymmetric 
radiation conditions and are incorporated in current thermal comfort standard 
(ASHRAE Standard 55, 2004). The curves for the latter two cases (Le. cool 
ceiling and warm wall) provided in Figure 1.1 are based on a weak data basis. 
Further experiments investigating the effect of asymmetric radiation from a cold 
wall on occupant comfort were conducted by Berglund and Fobelets (1987). 
Fifty persons (25 males and 25 females) wearing winter indoor'clothing (0.86 . 
cIo) were used as subjects in the study. The study was carried out for two overall 
conditions: thermal neutrality (N) and for conditions 3°C (operative 
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temperature) lower than neutral condition (N-3). For each condition, four 
different surface temperatures of the. cold wall (0, 5, 10 and 18°e) and four 
different air velocities (0.05, 0.15, 0.25 and 0.50 m/s) were used as the main 
factors affecting the thermal sensation of the subjects in the experiments. Air 
temperature was controlled to maintain a constant operative temperature of 
220 e (N conditions) and 19°e (N-3 conditions), respectively. The authors 
showed that an average of 25% (of the test persons in the four asymmetric 
radiations) perceived local thermal discomfort in the N conditions compared to 
50% in the N-3 conditions. 
More recently, chilled ceiling experiments were undertaken by Loveday et al. 
(1998 and 2002) and Hodder et al. (1998). In the experiments thermal comfort 
responses of sedentary persons (desk-seated occupants) exposed to vertical 
radiant asymmetry due to a chilled ceiling were observed. Eight female subjects 
took part in the experiment. The subjects were exposed for three hours to four 
different ceiling surface temperatures: 22, 18, 14 and 12°e. The view factor 
between the subjects and the ceiling was about 0.12. In the experiment, the air 
temperature and air velocity was maintained constant at 19°e and 0.05 mIs, 
respectively. The subjects wore typical office clothing (0.75 clo). They were 
asked to report on their overall and local comfort sensations at various body 
parts. As a result, there was no significant effect on local discomfort due to 
vertical radiant asymmetry induced by the chilled ceiling. 
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1.3 Aim and objectives 
The main aim of the research is to advance modelling of the human radiative 
heat transfer and to develop a first principles model for predicting human local 
comfort responses to asymmetric radiation. The individual objectives of the 
research are as follows: 
1) to evaluate existing methods for predicting human radiative heat 
exchange including advanced methods such as the voxel-based ray 
tracing technique for detailed radiation analysis, 
2) to model local projected area factors of individual body parts for 
predicting in detail the human short-wave radiative heat transfer, 
3) to develop a technique for predicting local view factors of individual 
body parts for detailed long-wave radiation calculations, 
4) to predict and validate human physiological responses in asymmetric 
radiation environments using a mathematical multi-node model of 
human heat transfer with incorporated detailed radiation models, 
5) to develop a more universal, physiologically based, thermal comfort 
model for predicting local perceptual responses of humans to 
asymmetric radiation, and 
6) to link the new comfort model with state-of-the-art building 
simulation programs to predict human comfort conditions in 
buildings. 
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1.4 Thesis contents 
The thesis is divided into nine chapters. Chapter one (this chapter) provides a 
general background and motivations for the research with information of the 
current experimental knowledge on human thermal comfort under asymmetric 
radiation condition as well as the aims and the objectives of the work. 
Chapter two is a review of literature on fundamental and available techniques 
for modelling human radiative heat transfer. 
Chapter three provides reasons, choice and validation of the numerical tool to 
be used in this research for detailed radiation modelling. 
Chapter four describes the development and validation of a model for predicting 
parameters needed for detailed human short-wave, direct and diffuse, radiation 
analysis. 
In chapter five a technique is developed which enables detailed predictions of 
the human long-wave radiation heat exchange in asymmetric environments. 
Chapter six described the validation of the IESD-Fiala model of human heat 
transfer and thermal comfort, extended for detailed radiation modelling, to 
predict human physiological responses to asymmetric short-wave and long-
wave radiation. 
Chapter seven is concerned with modelling human local comfort responses to 
asymmetric radiation. 
In chapter eight a link of the new comfort model with a state-of-the-art building 
simulation program (ESP-r) is developed and demonstrated using simulations 
and comfort predictions performed for an existing building. . 
In chapter nine the main results of the research are discussed and conclusions 
drawn with outlook and ideas for future work. 
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Chapter 2 
Fundamentals of radiative heat transfer 
2.1 Introduction 
Thermal radiation is electromagnetic radiation emitted by particles of matter as 
they undergo internal energy state transition (Duffie and Beckman, 1991). 
Thermal radiation is also a form of heat that is transfered from one body of 
matter to another due to a temperature difference, e.g. Brewster (1992) and 
Jones (2000). 
Calculating of the radiant heat exchanged between two bodies requires 
knowledge of two basic parts, with the first part, representing radiative 
properties of the bodies and the second part is the geometry of the considered 
problem. The radiative properties are a measu~e of the tendency of a given 
surface or participating medium to emit, absorb and' reflect (or scatter) 
radiation. Once the properties have been evaluated, the geometric properties 
can be solved to determine the net transfer rate of radiant energy to or from a 
given surface element. 
2.2 Long wave radiation 
All bodies above a temperature of absolute zero (-273.1S0 C) emit and absorb 
thermal radiation known as long wave radiation, e.g. Brewster (1992). All 
physical bodies, with the exceptions of perfect reflectors or a system completely 
at absolute zero temperature, are therefore involved in an exchange of radiant 
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energy with their surroundings resulting in a net flow of energy from the hotter 
to the cooler bodies. 
2.2.1 Radiative heat exchange between two surfaces 
The amount of radiant heat exchanged between two surfaces depends upon the 
radiation properties and the temperature of the surfaces, Duffie and Beckman 
(1991). Consider two area elements dA1 and dA2 , which may be part of two 
larger, finite areas Al andA2 , Figure 2.1. 
dAI 
Figure 2.1 
Radiative heat transfer between two 
area elements. 
Assuming that the emitted radiation is isotropic, the rate of heat transfer (Q12) 
between two elements can be derived from the geometry (Figure 2.1) as follows, 
Brewster (1992): 
(2.1) 
where Gl, G2 = the emittance of surface At and A2, respectively, 
cr = the Stefan-Boltzmann constant = 5.67 x 10-8 [Wm-2K-4] 
= area of surface 1, 
qJJ2 = view factor between surfaces At and A2, 
TIl T2 = absolute temperature of surface 1 and 2, respectively. [K] 
The view factor qJJ2 is the fraction of the radiation emitted by surface At which is 
directly intercepted by surface A2 and can be expressed as: 
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(2.2) 
where PI, P2 = the angle between the distance vector r and the normal vectors of 
the area elements dAI and dA2 (Figure 2.1). 
2.2.2 Multi-surface problems 
One particularly 'useful method for multi-surface problems is the use of matrix 
methods for sets of simultaneous equations (Ozisik, 1973 and Jones, 2000). The 
net radiation Qi leaving surface i in all directions can be written as: 
Qj = LAjqJij(J,-Jj ). 
j 
The grey body approximation gives: 
Q AiEl (r 4 J) j=--(J'I - I' 
1- EI 
Equation (2.3) and (2.4) can be combined to give for any surface i: 
A.E. 4 " 
1~; (aT; -J1)= ~AjqJij(Jj -Jj ) 
I J 
where Jis radiosity, [W/m2]. 
(2.5) 
If the temperature is known, equation (2.5) can be used to give an equation 
solely in terms of radiosities of each surface; if the heat flux is known, equation 
(2.3) can be used to provide equations which are described solely in terms of 
radiosities on each surface (Ozisik, 1973 and Jones, 2000). Thus any N-surface 
problem can be defined by a set of N equations with N unknown radiosities: 
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These equations can be expressed in a matrix form as: 
AJ=C (2.6) 
a 11 a l2 a lN J I CI 
where A= 
a 21 a 22 a 2N J= 
J 2 C= 
C2 
aNI a N2 aNN I N C3 
The coefficients aij and Ci will be functions of the known view factors and 
temperatures or heat fluxes: aij = L AjlPij and C t = AjEI (aT/ - J t ) • 
j 1-8, 
The solution of the equations for the radiosities is obtained by inverting matrix 
A: 
J=A-'C (2.7) 
b\1 b l2 biN 
where A-I = 
b 21 b 22 b 2N 
b N1 b N2 b NN 
The elements of both matrices on the right-hand side of the equation are known, 
so each radiosity may be calculated. Once the radiosities are known, all the 
unknown temperatures and heat fluxes may be calculated (Ozisik, 1973 and 
Jones, 2000). 
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2.3 View factor calculation techniques 
Over many years various analytical solutions determining view factors for a 
variety of geometries have been developed and published in a range of reference 
books, e.g. McAdams (1954), Ozisik (1973), Holman (1981), Brewster (1992), 
ASHRAE (1993), Siegel and Howell (1992), and Jones (2000), these figures 
have either been presented in the form of algebraic equations or as charts, from 
which the view factor can be determined. For complex geometries, however, no 
analytical solutions are available and numerical techniques have to be used. 
2.3.1 Cosine law 
Consider a hemisphere of radius r, which base is centred at dA1 (Figure 2.2). All 
radiation from dA1 will land on the curved surface of the hemisphere. A thin 
circular strip element, dA2, of the surface subtends an angle d~ at dA1 and will 
have a thickness rdBl and the radius rsinBl' Jones (2000). 
Figure 2.2 
Cosine law method, Jones (2000). 
Therefore: 
and the view factor between surface AJ to surface A2 can be expressed as: 
_ _1_ f f cos B I cos B 2 dA IdA 2 
fP 12 - 2 
AI A A nr 
I 2 
which can be presented in numerical term as: 
fPI2 = ~ L L cos 0 1 CO:r~2dA IdA 2 
I AI A2 




2.3.2 Hemisphere Method 
An unit hemisphere method provides a way of using a geometric construction to 
determine one of the area integrals in equation (2.10). Consider the two area 
elements, dA1 and dA2 at a distance r, and imagine a hemisphere of unit radius 
center on dA1, Figure 2.3. The areas of each projection: 
and 
dA; = dA2 cose2 x~ 
r 
Figure 2.3 




The area of the base of the unit hemisphere is 1r, so the fraction of the base 
. d b d'" dA " dA 2 cos () I COS () 2 d th f . f h b occuple y 'A2 IS: 2 = 2 ; an e ractIon 0 tease nr 
occupied by A; is then: A~' = L dA 2 cos () ~ cos () 2 • If ~ is the fraction of 
Al nr 
the above equation, then substitution into the cosine law leads to: 
If this sum can be evaluated, then ({Jl2 can be determined. If A1 is elemental, then 
no integration is required, and ({Jl2=~' 
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2.3.3 Hottel's crossed-string method 
Hottel's method (Jones, 2000) can be used in systems which are essentially 
two-dimensional, i.e. where the surfaces are of constant cross-section, constant 
separation, and their length is much greater than their separation. Consider two 
parallel objects of infinite length (Figure 2.4) the view factor can be written as: 
Figure 2.4 
Hottel's crossed-strings method 




'P12 = -[(ABGH + DCFE) - (AE + DH)] 
2~ . 
PI = the perimeter of surface Al , 
ABGH = the length of string ABGH. 
The equation (2.13) can be said in words as: 
1 
'P12 = - [(sum ofthe crossed strong lengths) 
2P' 
- (oom of the uncrossed string lengths)]. 
2.3.4 Monte Carlo method 
[m] 
[m] 
The probably most often used numerical method for determining view factors is 
the Monte Carlo method e.g. Mammersley and Handscomb (1964), Fishman 
(1996). The basis of the Monte Carlo method is to select at random a series of 
beams of radiation from surface 1, and to determine the proportion which 
impinge on surface 2. 
" 
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Consider Figure 2.5, pick any point on surface 1 at random by using a random 
number generator to give a number Rl between 0 and 1, which represents the 




Figure 2.5 Arrangement for two parallel plates, showing a beam of radiation 
from a random point on surface 1 in a random direction (Jones, 2000). 
The selected point x'is related algebraically to R1 : 
or 
If the intensity of radiation normal to surface 1 is I, then the energy emitted in 
direction () of the beam leaving surface 1 will be Icos(}. The selected angle ()' is 
related to R2 by: 
8' 
J I cos (}d () 
R2 
-1f /2 1 ( . (}'+1) (2.15) = + 1f /2 = - SIn 2 J I cos (}d () 
-1f /2 
where () is the angle between the normal to surface 1 at x' and ()' is the direction 
of the beam which leaves the surface 1. The selected angle ()' can be written in 
term of R2 as: 
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8' = sin - 1(2R 2 - \) (2.16) 
where R2 is random number of any angle from surface 1 (between -Tt/2 and 
+Tt/2) and the equation of beam: 
x - x 
y = ---
tan 8 I 
Substituting Y=Y3 into equation (2.17) gives us a point x where the two lines 
intersect. If x3~ x ~ X4, then the beam does impinge on surface 2 and it is 
recorded a hit; if X<X3 or X>X4, then the beam does not impinge on surface 2 and 
it is recorded miss. A very large number of randomly selected beams is needed 
to repeat the procedure. The use of computers, however, allows us to compute 
several thousand beams very quickly, and hence determine the view factor to a 
high degree of accu racy. 
2.3.5 Voxel-based ray tracing method 
Finally, the voxel-based ray tracing method is an advanced numerical technique 
in which a geometry scene is 'ray-traced' being developed into small volume 
elements or voxels. As each ray is cast, the voxels are visited in the sequence in 
which the ray passes through them and only those faces that occupy these voxels 
are tested for intersection (ThermoAnalytics, 2001). 
Figure 2.6 Casting rays from each element in the voxel-based ray tracing 
technique (ThermoAnalytics, 2001). 
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Thousands of rays are cast from each element centroid to determine the view 
factor to all other elements that are visible from the element centroid (Figure 
2.6). The number of rays that intersect another element determines the relative 
view factor relationship. For this technique, the accuracy of the predicted view 
factors depend on the number of rays cast from each element. 
According to ThermoAnalytics (2001), this ray tracing technique provides the 
fastest radiation exchange solver on the market. 
2.4 Short wave radiation 
Short wave radiation is generally classified as in the range of 0.3 - 3 /lm (Duffie 
and Beckman, 1991). Solar radiation is in the wavelength range of 0.25-4 11m. It 
can be separated into two components: direct and diffuse beam. Direct beam is 
the portion of radiation that reaches the earth's surface in relatively parallel 
rays. The diffuse component is the portion of the radiation that has been 
scattered by gas molecules and suspended particles in the atmosphere and 
reaches the earth's surface from multiple directions. 
The amount of heat absorbed on a plane surface depends upon the solar 
properties and the incident angle of solar beam (ASHRAE, 1993) 
Qab = as[S cos BA (2.18) 
where Qab = heat absorbed at the body surface, [W] 
as! = solar absorptance of the body surface, [-] 
S = the incident solar radiation, [Wm-2] 
B = the incident angle on area A, [deg, rad] 
A = the area of the irradiated surface. [m2] 
Chapter 2: Fundamentals of radiative heat transfer 19 
2.5 Human radiative heat transfer 
2.5.1 Long wave radiation 
The radiative heat exchange between a human body as a whole and an enclosure 
can be computed by means of the Stefan-Boltzmann law (Fanger, 1970). 
where 
Q = radiant heat exchange between human body and 
environment, [W] 
AeJf = effective radiation area ofthe clothed body, [m2] 
& = emittance of the outer surface of the clothed body, [ -] 
0" = Stefan-Boltzmann constant, [Wm-2 K-4] 
Tel = mean temperature of the outer surface of clothed body, [K] 
MRT = mean radiant temperature of the (asymmetric) enclosure. [K] 
The term Aeff is generally difficult to evaluate, due to its strong dependence on 
the geometric properties of the human body (i.e. the concavities generated by 
the irregularities of the body contour). Nevertheless, it can be defined by means 
provided by Fanger (1970) and using the following equation (2.20). 
(2.20) 
where 
leff = effective radiation area factor, [-] 
/cl = ratio of the surface area of the clothed body t~ the 
surface area of nude body, 
ADu = DuBois Area. 
Assume that a human body is located within an inhomogeneous enclosure of n 
surfaces with different surfaces temperatures Ti. The net total heat exchange 
between the body, Ab, and the enclosure is calculated as follows: 
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where 
n 
Q = GsjA CTIGsr/Psj-Sr,j(~~ -1'/) (2.21) 
Q = heat exchange between the human body and the 
inhomogeneous enclosure, 
&sf = the emittance of the body surface, 
Gsr,i = the emittance of the surrounding surface i of the 
enclosure, 




fPsf-sr,i = view factor between the body surface and i-th surface 
of the enclosure, [ -] 
TSf = the temperature of the body surface, [K] 
1i = the temperature of surrounding surface i. [K] 
The radiative heat exchange between a human and the inhomogeneous 
enclosure can also be described by using a mean surface temperature f, and a 
mean emissivity "& of the asymmetric enclosure (Michael, 1997). 
(2.22) 
Thereby, the mean surface temperature f results from setting equal equation 
(2.21) and equation (2.22), and rearranging: 
- 4 ~ 4 4 1 
l' = 4 1'sj - ~ fPsj-sr,iGsr,i(1'sj - 1; ).-= 
n 
where £ = I G sr ,ifP sj -sr ,I • 
I 
I G 
In cases where Ti do not differ significantly from each other f may be obtained 
with a reasonable accuracy by weighting n with the corresponding view factor 
qJsj-sr,i (McIntyre, 1980): 
Chapter 2: Fundamentals of radiative heat transfer 21 
11 
f = LT; fPsf -sr,; 
and even more straight forward but less accurate approach is to weight Ti by the 








where Ai is the surface area of element i. 
2.5.1.1 Mean radiant temperature 
The mean radiant temperature is defined as that temperature of a fictitious, 
uniform black (Le. E = 1) enclosure which provides the same radiant heat 
exchange with a surface/body as the actual inhomogeneous enclosure, Fanger 
(1970), ASHRAE (1993): 
11 
MRT = 4 'LT;4fPsf-sr,; 
;=1 
(2.26) 
The emissivity of human skin has been measured by Mitchell (1970) and found 
to be close to unity. The emittance of most types of clothing is about 0.95 
(Fanger, 1970). 
2.5.1.2 Effective radiation area 
The effective radiation area is the actual area which directly affect to the radiant 
environment. Consider a person located in the centre of a spherical coordinate 
system, where any direction in relation to the person is defined by the azimuth 
angle (a) and altitude angle (P), Figure (2.7). 
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Figure 2., 
Notation pertinent to calculation of the 
effective radiation area (Fanger, 1970). 
If the surrounding is considered as a large sphere A2 , with a radius rm, the 
reciprocity theory for view factors for the area of sphere and the person can be 
used, assuming that the angular distribution of the radiant fluxes leaving 
surfaces are diffuse. The effective radiation area can be presented as follows. 
or 
where AefJ = effective radiation area 
A2 = the area of the sphere 
f/JPA2 ,qJ A2P = the view factor between person to the sphere 
and between sphere to the person 
AefJ = effective radiation area 
Ap = projected area of the human body 
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2.5.1.3 Effective radiation area factor 
The effective radiation area factor is the ratio of effective radiation area and 
DuBois area (Fanger, (1970). 
(2.28) 
wherefeffis effective radiation area factor andADu is DuBois Area. 
2.5.1.4 View factor between human body and individual walls 
The enclosure surfaces found in indoor spaces are usually rectangular. 
According to Fanger (1970) the view factors between a sedentary or standing 
person and the whole rectangular surfaces can be described as follows, if the 
orientation of the person is known: 
. it Q Z b ------
where rpPA = view factor of the human body to the vertical plane 
a = the width of the plane 
b = the height of the plane 
c = the distance between the person and the corner point of 
the plane 
fp = projected area factor of the human body 
x, y, z = the coordinate in orthogonal coordinate. 
Fanger (1970) has also provided the equation for determining the mean value of 
a view factor when the orientation of the person in a room is unknown. It is the 
integral from azimuth angle from 0 to 27t. 
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x a z b 
1 y c y ca=2lr f 
rp PA = -2 f f f P 3 d( X)d(!..)da 
2rr x z a =O [1 ( X ) 2 ( Z)2]2 Y Y -=0 -=0 + - + -
y y Y Y 
where a = azimuth angle. 
View factors between a person and vertical and horizontal rectangular plane 
areas were provided by Fanger (1970) and plotted as diagram. Each diagram 
portrays dimensionlessly the view factor as a function of the two length 
relationships alc and blc, where a and b are the side lengths in the rectangle 
and c is the normal distance between person (his centre) and rectangle, Figure 



































. __ . 




. \ = 
I .-
.6 
•• p M _ - ., 
-: 1·-





.1.0 - -l--+--I- -l--! 
Figure 2.8 Mean value of view factor between a seated person and a vertical 
rectangular (above or below his centre, location is known but not the 
orientation), Fanger (1970). 
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Figure 2.9 Mean value of view factor between a seated person and a horizontal 
rectangular (on the ceiling or on the floor, location is known but not the 
orientation), Fanger (1970). 
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Figure 2.10 Mean value of view factor between a standing person and a 
vertical rectangular (above or below his center, location is known but not the 
orientation), Fanger (1970). 
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Figure 2.11 Mean value of view factor between a standing person and a 
horizontal rectangular (on the ceiling or on the floor, location is known but not 
the orientation), Fanger (1970). 
2.5.2 Short wave radiation 
ASHRAE (1996) has provided the equation for infrared radiant heat as the 
effective radiant flux. The effective radiant flux (ERF) represents the radiant 
energy absorbed by an occupant from all temperature sources different from the 
ambient and can be measured as the heat absorbed at the skin-clothing surface 
from a beam heater treated as a point source. 
where ERF = effective radiant flux, 
a s! = absortance of skin-clothing surface at emitter temperature 
S = irradiance from beam heater or radiant intensity, [Wm-2 ] 
Ap = projected area of human body on plane normal to 
direction of heater beam, [m2] 
c = distance from beam heater to centre of human body, Em] 
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ADu = DuBois area, 
or 
where leff = effective radiation factor 
fP = projected area factor. 
2.5.2.1 Projected area 
The projected area of the human body is important for short-wave radiation 
calculations when assessing the effect of e.g. solar radiation on humans. The 
projected body area is defined as that surface area of the human body which is 
exposed to parallel rays and projected onto a plane perpendicular to the rays as 
shown in Figure 2.12. 
Figure 2.12 
projected area Ap Projected area of the human body. 
2.5.2.2 Projected area factor 
The projected area factor is defined as the ratio of the projected area and the 
effective radiation area of the body as shown in equation (2.33): 
A !, =_P 
P Aeff 
where fP is the projected area factor of the human body. Ap is the projected area 
and Aeff is effective radiation area of human body (Fanger, 1970). 
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Fanger (1970) has determined experimentally the projected area factors as a 
function of the azimuth angle (a) and altitude angle (P) for the nude and clothed 
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Figure 2.13 Projected area factor 
for seated person, nude and clothed 
(Fanger, 1970). 
Figure 2.14 Projected area factor 
for standing persons, nude and 
clothed (Fanger, 1970). 
29 
2.5.2.3 Solar absorptivity 
In the solar and near infra-red region it is more usual to speak of absorptivity 
than emissivity, since the actual emission at these wavelengths by a surface at 
normal ambient temperatures is negligible. In the visible and near infra-red 
wavelengths, the absorptivity of a surface is hard to predict; it varies with 
wavelength and with the detailed nature of the surface. Figure 2.15 shows the 
spectral distribution of absorptance of white and Negro skin (Jacquez et al., 
1955). White skin absorbs about 60% of incident solar radiation and black skin 
about 80%. The function of the pigment in the black skin is to block ultra-violet 
radiation from penetrating the skin. As the colour temperature of the radiation 
source decreases, the absorptance of skin increases. Figure 2.16 shows this 























Figure 2.15 The absorptivity of white and Negro skin as a function of 
wavelength, Jacquez et al. (1955). 
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Figure 2.16 
The variation of absorptivity of 
human skin as a function of the 
temperature of a black body source, 
Gagge and Nishi (1977). 
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Chapter 3 
Choice and validation of numerical 
radiation simulation methods 
3.1 Introduction 
The prediction of human thermal responses to asymmetric radiant fields 
requires detailed modelling of the human radiation heat exchange. The 
direction-dependent long- and short-wave radiation heat transfer is 
significantly affected by the geometry of the human body. Unfortunately, the 
human body is too complex, so, no analytical solutions exist to calculate 
components of the human radiative heat exchange in detail. Instead, numerical 
methods have to be used to obtain view factors and projected areas for 
individual parts of the human body at given body postures and for different 
geometrical configurations of the surroundings. 
Nowadays, specialist software tools such asPOSER4 (Curious Labs, 2000) are 
available which enable the creation of detailed three-dimensional human body 
geometries for arbitrary body postures. The intention of this research was to use 
such tools in conjunction with advanced numerical simulation models to aid 
accurate predictions of the geometry-related radiation characteristics of the 
human body. Given this advance, a US software company, ThermoAnalytics 
(http://www.thermoanalytics.com). expressed interest in collaborating on the 
project and contributed their thermal analysis software RadTherm. RadTherm 
is a sophisticated numerical simulation tool which is capable of dealing with 
highly complex geometries (such as the human body) and complex boundary 
conditions. The software incorporates advanced, voxel-based ray tracing 
techniques to enable fast and accurate radiation predictions. 
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3.2 Aim 
The aim of this chapter is to investigate the accuracy and sensitivity of the 
numerical radiation calculation techniques incorporated in RadTherm by 
comparison of predicted view factors with available analytical solutions 
obtained for various geometries. 
3.3 Methodology 
Two simplified geometries and two more complex geometries were set up to 
investigate the accuracy and the sensitivity of numerically calculated view 
factors by comparison with available analytical solutions. For this purpose the 
following geometrical configurations were selected: two rectangular parallel 
surfaces, two perpendicular plates, and cylinders facing a rectangular surface, 
Figure 3.1. 
The distances between the plates and between the cylinders and the plates were 
varied to investigate the relative sensitivity of the numerical results for different 
magnitudes of view factors. The surfaces of the panels were subdivided into 
different numbers of finite surface elements to analyse the accuracy of 
RadTherm calculations with respect to the geometrical resolution of the scene. 
i 









Figure 3.1 Geometrical configurations studied. 
a 







In RadTherm, the voxel-based ray tracing technique is used to calculate view 
factors. The scheme subdivides the scene to be ray-traced into volume elements, 
or voxels. As mentioned in section 2.3.5 the accuracy of this method depends on 
the number of rays, which are cast from each surface element. Therefore, the 
effect of the number of rays cast (up to 4608) on the accuracy of the numerical 
results was also studied. For this purpose, five setting numbers of rays: 512 rays 
(lR), 1152 rays (2Rs), 2048 rays (3Rs), 3200 rays (4Rs), and 4608 rays (5Rs) 
were used to investigate the accuracy of the voxel-based ray tracing technique. 
The numerical results were compared with analytical solutions for the above 
geometries. To obtain quantitative information on the accuracy of the numerical 
results, the relative error, Lle, was calculated for each instance investigated in 
the study. The relative error [in %] was defined as the quotient of the absolute 
difference between numerically and analytically calculated view factors and the 
analytical value: 
Ile = rp R71r - rp anal X 100% 
rpanal 
where Lie = relative error, [%] 
({JRTh = view factor of numerical result (RadTherm), [-] 
rpanai = view factor of analytical solution. [-] 
3.4 Case study 1: parallel planes 
The two plates, each of the size 1.0 x 1.om, were located parallel to each other. 
The distances were varied at 0.5, 1.0, 1.5 and 2.0m. 
3.4.1 Simulation 
Four resolutions were analysed classified as: low, medium, high and very high 
resolution (Table 3.1). 
Chapter 3: Choice and validation o/numerical radiation simulation methods 33 
Table 3.1 The resolution of two parallel plates. 
Number of elements 
(Area 0 the sur aee element *10-4m 2) 
Geometry Resolution Plate 1 Plate 2 
(a=1.0m· b=1.om) (a=1.0m· b=1.om) 
Low 5x5 (400.0) 5x5 (400.0) 
Medium IOxlO (100.0) IOxiO (100.0) 
High 25x25 (16.0) 25x25 (16.0) 
Very high 40x40 (6.3) 40x40 (6.3) 
3.4.2 Analytical solution 
The analytical solution for this geometrical configuration is described by the 
following equations (Brewster, 1992): 
where qJJ2 = view factor between plate 1 and plate 2 
X = ale and Y= ble. 
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3.4.3 Results 
A comparison of the numerical view factors obtain using voxel-based ray tracing 
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Figure 3.2 View factor between two parallel plates (qJ12). 
There was a very good general agreement between analytically (solid lines) and 
numerically calculated view factors (data points) for all distances between the 
plates, resolutions, and numbers of rays investigated. The average relative error 
varied between 0.53% and 1.20% (detailed analysis in Table A.I). The relative 
error seemed to decrease slightly when the resolution of the geometrical 
configuration increased. An exception was the medium resolution for which the 
best agreement with the analytical solution was achieved. However, there was 
no consistent effect of the numbers of rays on the accuracy of the results. 
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3.5 Case study 2: perpendicular plates 
Two perpendicular plates, both of the same width of 1.om were located 
perpendicular to each other. The length of the first plate was 1.0m, while the 
length of the second plate was varied: o.sm, 1.om, 1.sm and 2.om. 
3.5.1 Simulation 
As same as case study 1: four resolutions were analysed classified as: low, 
medium, high and very high resolution (Table 3.2). 






Number of elements 
(Area 0 the sur ace element *lo-4m 2) 
Plate 1 Plate 2 
(b=1.om) (b=1.om; c=1.0m) 
a=O.Sm: Sx3 (666.7) 
a=1.0m: SxS (400.0) 
a=1.Sm: Sx8 (375.0) 
a=2.0m: SxlO (400.0) 
a=O.5m: IOxS (100.0) 
a=l.Om: lOxlO (100.0) 
a=l.Sm: IOxlS (100.0) 
a=2.0m: IOx20 (100.0) 
a=O.5m: 25x 13 (15.4) 
a=l.Om: 25x25 (16.0) 
a=1.Sm: 2Sx38 (15.8) 
a=2.0m: 2SxSO (16.0) 
a=O.Sm: 40x20 (6.3) 
a=1.0m: 40x40 (6.3) 
a=1.Sm: 40x60 (6.3) 
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3.5.2 Analytical solution 
The analytical solution for the view factor between two perpendicular plates was 
obtained from, Brewster (1992) as following: 
where tp12 = view factor between plates 1 and 2 
X = ale, and Y = ble. 
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3.5.3 Results 
The numerical and analytical view factors of the perpendicular plates are 
presented in Figure 3.3. 
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Figure 3.3 View factor of perpendicular plates (qJJ2). 
Similar to the results obtained for two parallel plates, there was a very good 
agreement between numerical and analytical results for all distances, 
resolutions and numbers of rays. The average relative error of the numerical 
view factors varied between 0.05% and 0.70% (Table A2). Here too, the relative 
error seemed to decrease slightly with a higher resolution of the geometry, but 
there was no consistent effect of the numbers of rays on the accuracy of the 
results .. 
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3.6 Case study 3: cylinders and plates 
Two sizes of the cylinder were specified. In case a the diameter and the height of 
the cylinder were defined arbitrarily. The dimensions of the cylinder in case b 
were chosen to approximate the size of human body. In both cases the plate was 
a square, which was centred at various distances from the cylinder and which 
height was equal to the height of the cylinder, a (Figure 3.1). Also the distance, 
c~ was varied at 0.5, 1.0, 1.5 and 2.0m. 
3.6.1 Simulation 
Similarly, four resolutions Dow, medium, high and very high resolution) were 
analysed as shown in Table 3.3 and Table 3.4. 
Table 3.3. The resolution of cylinder and plane plate (case a). 
Geometry Resolution 
al~a Low 15x5 (418.9) 5x5 (400.0) 
1- Medium 30xlO (104.7) lOxlO (100.0) 
High 75x25 (16.8) 25x25 (16.0) 
Very high 120x40 (6.5) 40x40 (6.3) 
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Table 3.4. The resolution of cylinder and plane plate (case b). 
Number of elements 
(Area 0 the sur ace element cm2) 
Geometry Resolution Cylinder Plate 
(r=o. m' a=1.8m) b=1.8m· a=1.8m) 
Low 8x8 (530.1) 8x8 (506.3) 
Medium 16x16 (132.5) 16x16 (126.6) 
High 32x32 (33.1) 32x32 (31.6) 
Very high 48x48 (14.7) 48x48 (14.1) 
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3.6.2 Analytical solution 
The corresponding analytical solution for view factors is described by the 
following equations (Fiala, 1991): 
2 B/2 
f{Jpc = B ff(g)dg 
o 
where 
f(g) = 2 A 2 - 2A 2 {COS-l(~) __ I_[,JX' +4C' cos-' ( ~ y ) 
A + g 1r(A + g ) X 2C X A2 + g2 
and 
c b a 
A=-, B=-, C=-
r r r 
X =A2+C+l-1 
Y =C-A2_1 +1 
The integral in equation (3.4) was solved using the Simpson's rule (Blum, 1972). 
The view factor between cylinder and the plane plate, ({Jcp, was then obtained by: 
where Ap = surface area of the plate, 
Ac = surface area of the cylinder. 




A comparison of the analytical solution and the numerical view factors obtain 
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Figure 3.4 View factor between cylinder and plate (<pcp), case a. 
Also in this case, a very good agreement between analytically and numerically 
calculated view factors was achieved for all distances, resolutions, and numbers 
of rays for both, case a and case b (see Figure 3.4 and 3.5). 
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Figure 3.5 View factor between cylinder and plate (tpcp), case b. 
The average relative error varied between 0.24% and 0.71% and 0.15% and 
0.75% for case a and case b, respectively (Appendix A, Table A3 and A4). In 
contrast to plates, the relative error clearly decreased when the geometrical 
resolution of the cylinder increased in both case a and case b. However, no 
effect of the resolution of the surface of the plane plate on the predicted results 
was observed. Furthermore, no consistent effect of the number of rays on the 
accuracy of the results, neither for case a nor case b was observed but the 
relative error rose with an increasing distance between the plate and the 
cylinder. 
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3.' Conclusions 
Based on comparisons with available analytical solutions for different 
geometries it could be shown that RadTherm produces sufficiently accurate 
predictions of view factors. In most cases the accuracy of the numerical results 
would exceed the accuracy of any experimental trials. Therefore, it was decided 
to use RadTherm as a numerical simulation tool to perform the detailed analysis 
of the human radiative heat exchange in the next stages of the work. 
A general tendency of improved accuracy was observed for all geometries when 
using higher resolutions. Particularly, in the case of cylinders the higher 
resolutions ensured improved levels of result accuracy. There was no significant 
effect of the number of rays on the relative error. Excepting results obtained 
using setting 1 (fastest) which produced the largest relative error, the results . 
obtained for using setting 2, 3, 4 and 5 were of a comparable accuracy and 
sufficient for practical use. 
In order to obtain the most appropriate practical solution when using 
RadTherm, it seems necessary to consider both the precision of the results and 
the time required to obtain a solution. The highest resolutions of the geometry 
and the maximum number of rays required the longest computation times and 
were associated the highest hardware requirements. These did not justify the 
little gain on improved accuracy of the results. For most practical applications a 
'medium resolution' combined with the voxel-based ray tracing calculations 
using setting 2-4 was felt to be the best compromise between accuracy, 
computational time and hardware requirements. 
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Chapter 4 
Human projected area factors for 
detailed direct and diffuse solar 
radiation analysis 
4.1 Introduction 
Radiative heat exchange with the environment plays an important role in 
human heat transfer and thermal comfort. In buildings, occupants are 
frequently exposed to inhomogeneous radiation e.g. in the proximity of cold 
windows, hot radiators, or due to solar radiation transmitted through glazed 
fa<;ades. Such asymmetric conditions can make indoor environments thermally 
uncomfortable cause restrictions in the usability and functionality of spaces and 
reduce occupants' productivity in the work place. In cars and aircraft cabins 
such uncomfortable conditions can slow down the reactions of drivers and 
pilots. Critical, life-threatening situations arise for people such as firefighters on 
duty or workers in metal work factories who are exposed to thermal radiation 
from fire and intense heat. 
Outdoors, both direct and diffuse solar radiation can reach levels at which the 
impact on human thermal comfort and the perceived outdoor temperature is 
overwhelming. Besides perceptual effects, there are various health implications 
of human exposure to solar radiation that require a careful consideration, 
Kimlin et al. (2002). Thereby, a detailed knowledge of the human radiant 
geometry and its local characteristics is required in cases where the risk of skin 
injury arises. During exposures to extremely low ambient temperatures, for 
example, the amount of solar irradiation at individual body parts, such as the 
face, needs to be considered to adequately assess the risk of frostbite and 
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allowable exposure times. Similarly, the risk of injury due to overdose of UV - . 
radiation depends on the local radiation geometry of exposed body parts rather 
than on global quantities. Despite the need for local characteristics, however, 
only the overall radiation data for the human body as a whole is available. 
The amount of solar radiation received by a person depends on the projected 
area factor (JP) as a geometry-related, direction-dependent radiation parameter 
of the human body. Over decades the human projected area factors and solar 
heat load have been subject to various experimental investigations. Underwood 
and Ward (1966), for example, measured projected area factors of 25 standing 
male and female persons using photographic methods. The authors developed 
empirical formulae for predicting the JP-factors of the human body as a whole 
based on measurements obtained for 7 different altitudes and 3 solar azimuth 
angles. 
Fanger (1970) carried out extensive experimental trials to determine the· 
projected area factors of 20 male and female subjects in the standing and 
sedentary position for azimuth and altitude angles between 0 0 to 180 0 and 0 0 to 
90 0 , respectively. In these experiments the camera was positioned at a relatively 
large distance (about 7m) from the subjects to simulate the case of parallel rays 
from direct solar radiation. The original results were presented in form of 
graphs. Other authors (e.g. Steinman et al. 1988; Rizzo et al. 1991) have used 
Fanger's data to developed formulae for calculating the human projected area 
factors for use in computerised procedures. More recently, Jones et al. (1998) 
measured projected area factors of a full-scale manikin for a range of azimuth 
and altitude angles between 0 0 < a <180 0 and -90 0 </3 <+90 0 (referring to the 
centre of the body) using a similar method employed by Fanger. The distance 
between the camera and the manikin however was set at 4.3m and 3.7m for 
positive and negative altitude angles, respectively. In contrast to other 
experiments, Jones et al. (1998) did not only measure the overall projected area 
factors of the body as a whole but also provided local quantities for individual 
body segments. Also alternative approaches to projected area factor concept to 
calculate solar heat load on human body have been developed by various 
authors, e.g. Breckenridge and Goldman (1972), Blazejczyk et al. (1992). 
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Blazejczyk (1996), for example, proposed equations for assessing the amount of 
solar radiation absorbed by man using basic meteorological parameters. 
To date, sophisticated computer simulation software tools are available which 
make detailed modelling of the human radiative heat exchange with the 
surrounding environment possible. There is a growing interest to predict human 
physiological and perceptual responses in various disciplines of science and 
technology, and, over decades, several multi-segmental models of the human 
thermal system (e.g. Stolwijk 1971; Fiala et al. 1999, 2001 and 2003; Huizenga 
et al. 2001) have emerged that enable the effect of wide-ranging environmental 
conditions on human beings to be quantified. In recent years also software have 
become available using which detailed 3D models of the human body geometry 
can be generated for almost any body posture. Diverse CFD packages and 
thermal analysis tools are capable of predicting radiation exchange dealing with 
highly complex and boundary conditions geometries (such as the human body). 
The level of detail and the accuracy in prediction make today's numerical 
radiation models superior to experimental investigations in several respects. 
There are hardly any restrictions regarding the considered geometrical 
configurations; the simulations can be run with the high intensity source at an 
infinite distance from the human body for any solar angle that can be exactly 
adjusted. In addition to direct radiation, it is also possible to study diffuse solar 
radiation effects for which no experimental results seem to exist. Predictions 
. include detailed information on the solar irradiation mapping over the three 
dimensional human body surface. Besides overall body data, it is thus possible 
to obtain information. also on the effect of local body characteristics which is 
required for detailed human radiation analysis. 
Over the past years, several studies of the human radiative heat exchange have 
been carried out using numerical methods. Miyazaki et al. (1995), for example, 
considered the human body as consisting of several cylindrical parts and 
verified measured effective radiation area factors of the human body using the 
Monte Carlo method. Tanabe et al. (2000) used realistic 3D geometry models 
and solar heat gain calculations to predict projected area factors with respect to 
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direct solar radiation for sedentary and standing subjects. As most experimental 
studies, however, overall human radiation data rather than local quantities were 
provided. 
In this study numerical simulation techniques and detailed geometry models are 
used to predict projected area factors for individual segments of the human 
body. The aim of the work is to develop formulae for predicting localfp-factors 
of standing and sedentary humans with respect to both direct and diffuse solar 
radiation that scientists and engineers can use to perform detailed short-wave 
radiation analysis e.g. in conjunction with models of human thermoregulation, 
facial cooling, or models for predicting the UV -dose at exposed body parts. 
4.2 Methodology 
4.2.1 Human body models 
The human body for both the standing and sedentary posture, was modelled as 
having left-right symmetry and a stress-free position using commercial software 
(Curious Labs, 2000). The software ena~led generating detailed 3D models of 
the human body for almost any body postures. Each model consisted of 10995 
small surface elements that provided sufficient detail for the radiation 
simulations (Figure 4.1). With a height of 1.75m and a DuBois' area of 1.83 m2 
this body size was felt as representing an average male subject, DuBois (1916). 
The elements were grouped together into 19 main body parts (Table 4.1) 
subdivided into 59 spatial sectors (Figure 4.2) for which the local projected area 
factors were to be modelled. 
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Figure 4.1 The human body 
geometry model used in the 
study. 
OOL:.ir,"."-n.u.JI Anterior face 
back 
Posterior thorax 
Figure 4.2 Subdivision of the humanoid into 
individual body sectors. 
Table 4.1 Surface areas of individual body sectors. 
Body Surface Body Surface Body sectors area Body sectors area parts [rn2] parts [rn2] 
Head Head 0.0525 Lower Anterior 0.0092 
Forehead 0.0050 arm Exterior 0.0269 
Face Anterior 0.0193 (L/R) Inferior 0.0268 
~!dei!9r (1LR) 0.0110 Posterior 0.0124 
Neck Anterior 0.0050 Hand Handhack 0.0285 
Exterior (L/R) 0.0094 (L/R) Palm 0.0276 
Posterior 0.0068 
Shoulder Left 0.0205 Upper leg Anterior 0.0466 
Right 0.0205 (L/R) Exterior 0.0503 
Inferior 0.0407 
Posterior 0.0386 
Thorax Anterior 0.1115 Lower leg Lower anterior 0.0254 
Inferior (L/R) 0.0093 (L/R) Lower exterior 0.0390 
Posterior 0.0916 Lower inferior 0.0335 
Lower 0.0372 
"'pQg~ior 
Abdomen Anterior 0.1104 Foot Instep 0.0400 
Inferior (L/R) 0.0401 (L/R) Sole 0.0203 
Posterior 0.1091 
Upper Anterior 0.0144 
arm Exterior 0.0292 
(L/R) Inferior 0.0098 
Posterior 0.0143 
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4.2.2 Radiation simulations 
The humanoid geometries were imported into a thermal analysis software 
package (ThermoAnalytics, 2001) which uses a voxel-based ray tracing 
technique to predict the absorbed short-wave radiation energy at each of the 
10995 surface elements. The scheme subdivides the scene to be ray-traced into 
small volume elements, or voxels. Rays were cast from each element to all other 
surrounding voxels and the high intensity source and the intersections were 
determined. The software calculated the amount of solar flux, Qa,i, absorbed by 
each surface element from the incident solar radiation using the elements' 
short-wave absorptivities and the apparent areas predicted by the voxel based 
ray-tracing scheme. At this stage the surface elements were defined as black 
body radiators with an absorptivity of one to simplify the subsequent 
calculations. The results were then postprocessed integrating the elemental 
fluxes to obtain projected area factors for individual body sectors. Thereby, the 
total amount of short-wave radiation absorbed by a body sector consisting of n 
surface elements was obtained as the sum of predicted nodal quantities, Qa,i. For 
a group of surface nodes, the projected area factor, fi" which is defined as the 
ratio between the projected area and the actual surface area of a sector, is thus 
presented as: 
n 
1 L Qa,i 
f =_x~i=...;...l __ 
P S n LA; 
;=1 
where Ip = projected area factor of an individual body sector, 
Qa,i= solar radiation absorbed by surface element, i, 
S = incident solar radiation flux, 
Ai = area of surface element, i. 
The projected area factors were calculated for both direct and diffuse short-wave 
radiation. For the direct short-wave radiation, the simulation procedure 
calculated the projected area factors across a range of azimuth angles, a, from 
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0 0 to 3600 (due north, clockwise) and altitude angles, p, from -900 to 900 
(Figure 4.3). For the diffuse short-wave radiation case, the projected area 
factors were calculated by varying the ground albedo, Pg, between 0 and 1 
(assuming isotropic, i.e. homogeneously radiating sky). 
p= +90' 
a=90' 
4.2.3 Regression analysis 
N (a= 0°) 
Figure 4.3 Variation of the solar 
altitude (p) and azimuth angle 
(a) in the study. 
Simple and polynomial regression was used to develop the equations. In case of 
direct solar radiation the fp-factors were considered as functions of the solar 
azimuth and solar altitude angles a and p, and as functions of the ground albedo 
pg in case of diffuse solar radiation. If any regression coefficient was not 
significantly different from zero at the 0.95 confidence level, a new regression 
was run without the non-significant variable. The two-tailed population t-test 
was applied to determine the significance level of the regression coefficients. 
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4.3 Modelling local projected area factors 
4.3.1 Direct solar radiation 
Analysis of the post-processed data indicated that for most parts of the human 
body the projected area factor curves for direct solar radiation (Le. with respect 
to parallel rays) can be described as periodic, i.e. cosine or sine functions of the 
solar azimuth angle, a. As an example, the projected area factors predicted by 
the ray-tracing technique for the posterior thorax of a standing person are 
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Figure 4.4 The course of projected area factors predicted for the posterior 
thorax of a standing person. 
The trend of each curve can be commonly described usmg the following 
mathematical expression: 
f p,d'r = A cos(C1a + Co) + B 
where jp,dir = projected area factor of the body sector for a given /3, [-] 
a = azimuth angle, 
C1, Co = regression coefficients, 




and A = fp,Jmx - fp,min (4·3) 
2 
B = fp,max + fp,rnin (4·4) 
2 
fp,max = the maximum projected area factor, [-] 
fp,min = the minimum projected area factor. [-] 
The coefficients C1 and Co were determined by regression analysis using a 
rearranged equation (4.2): 
The coefficients A, B, Co and C1 were not constant but varied depending on the 
solar altitude angle, p. As an example, these coefficients obtained for the 
posterior thorax are plotted against p in Figure 4.5. 
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Figure 4.5 The regression coefficients for the posterior thorax body sector. 
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The functions of these coefficients were determined using polynomials up to an 
order of four (see Appendix B, Tables B.l to B.3). 
In contrast to body parts that were fully exposed to the beam of direct radiation, 
equation 4.2 did not perform well for sectors that were hidden/partly hidden by 
other body parts at certain solar angles. A5 an example, in Figure 4.6, such 
discrepancies between simulated data and Jp-factors predicted using equation 
4.2 are apparent for azimuth angles 210° < a <350° where the shoulder was 
'shaded' by the head. 
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Figure 4.6 Inadequacy of equation 4.2 to predictJp-factors for sun positions 
where the body sector (right shoulder, standing posture) was hidden by another 
body part. 
It was, therefore, necessary to account for this 'shading' effect by modelling the 
so called 'shading-function' as a part of the final solution for each body sector. 
For this purpose, equation (4.2) was extended as follows: 
where Sh is the shading function. 
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To model Sh, a number of different concepts were developed and tested. 
Thereby, the use of tanh functions turned out to be the most suitable approach: 
where Dl , Do, El , and Eo represent coefficients to be determined by regression 
analysis. Also these coefficients depended on the solar altitude, {3, as shown for 
the shoulder body elements in Figure4.7. The results· of the polynomial 
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Figure 4.7 The regression coefficients of the shading function for the shoulder 
body sector. 
Because of the symmetry of the humanoid models used in the study the results 
obtained for the right-hand body parts were applicable also to the left-hand side 
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body element. For left-hand side body sectors, however, the reverse azimuth 
angle a* =2Jr-a has to be used with equation (4.6) and (4.7). 
4.3.2 Diffuse solar radiation 
In case of diffuse solar radiation the projected area factors, jp,dij could be 
described as linear functions of the ground albedo for each body part: 
fp,dij= gIPg + go (4.8) 
where fp,dij = projected area factor of an individual body sector, [-] 
pg = ground albedo, [-] 
goandgj = regression coefficients of individual body sector. [-] 
The results of the regression analysis are provided in Appendix B (Table B.8). 
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4.4 Results 
In the verification and validation process to which the new model was subjected, 
the predictions of the jp,dir-factors (equation 4.6) for each body sector of the 
standing and the sedentary human were first verified against simulation results 
obtained by the voxel-based ray tracing technique. 
The results obtained for the head and the posterior thorax of the standing 
person exposed to the direct solar radiation are shown in Figure 4.8. The 
irradiation of solar rays on both sectors was not obstructed by other body parts. 
In both cases the jp,dir-curves therefore exactly replicated the cosine function as 
described by Equation 4.2. As can be seen, the predictions agreed well with the 
results of the ray-tracing simulations across the whole range of the azimuth and 
altitude angle , a and /3. 
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Figure 4.8 Comparison of predicted and simulated project d area factor for 
two 'unshaded' body parts i.e. head Oeft) and posterior thorax (right) of the 
standing person. 
Some partly significant deviations from the ideal cosine-shape trend are 
apparent from Figure 4.9 in which the jp,dir-factors are plotted for the anterior 
face and the right shoulder. For the case of anterior face th upper legs of the 
sedentary posture hindered a full irradiation of solar rays on this body part 
causing a remarkable fall in jp,dir at a solar altitude of fJ = _60 0 • In ca e of the 
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right shoulder the appreciable discrepancies from an ideal cosine-shape 
observed for 0 0 < /3<60 0 between 210 0 < a<330° were caused by the head. The 
shading function of the regression ' model accounted appropriately for these 
shadowing effects. 
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~ 0.80 0.80 c 13= - 60° 
L. 
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Figure 4 .9 Effect of shadowing by other body parts on projected area factor of 
the anterior face (left) and the right shoulder (right) sector of a sedentary 
person. 
The analysis of the results indicated that for many body sectors, there was no or 
little effect of the body posture (Le. standing and sedentary) on the local 
projected area factors. For other body parts, however, significant discrepancies 
occurred. Figure 4.10 displays the differences for two body parts. 
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Figure 4.10 The effect of body posture on the local projected area factors of the 
forehead and the anterior abdomen. 
For symmetry reasons, the local projected area factors were modelled explicitly 
only for the right-hand side body elements. The application of these regression 
results to both, the right and the left lower arm (anterior) is demonstrated in 
Figure 4.11. As described previously the reverse azimuth angle u* = 2J[-U was 
used with equations (4.6) and (4.7) to predict the fp,dir-factors of the left hand-
side body part in Figure 4.11 (right). 
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Figure 4 .11 Projected area factors of the right and left lower anterior arm 
predicted for a standing posture. 
Finally, six examples for projected area factors with respect to diffuse solar 
radiation are shown in Figure 4 .12, indicating a linear relationship between fp 
and the ground albedo, Pg, however with variable slopes. As in case offp,dif, there 
was little effect of the body posture for some body sectors (e.g. face in Figure 
4.12). For other body parts, however, significant discrepancies occurred caused 
by changes in the orientation of individual body parts (e.g. anterior upper legs in 
Figure 4.12) and/or shadowing effects through other body parts (anterior 
abdomen in Figure 4.12). 
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Figure 4.12 Projected area factor curves for diffuse solar radiation of the 
anterior face (standing and sedentary), anterior abdomen (standing and 
sedentary) and upper anterior legs (standing and sedentary). 
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4.5 Validation and discussion 
To date, most experimental data is available just for the whole human body. To 
enable a comparison with measurements, the predicted results obtained for 
individual body sectors were therefore integrated over the whole body surface. 
Furthermore, in most cases, experimental Jp-factors have been presented as a 
ratio of the projected body area and the effective radiation area (rather than the 
actual surface area). For validation purposes hence also the predicted values 
were weighted by the effective radiation area factor of the humanoid model used 
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Figure 4 .13 Comparison of predicted projected area factors for the whole body 
in standing posture with experimental results obtained by: 
a) Underwood and Ward (1966); b) Fanger (1970); and 
c) Jones et al. (1998), 
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The results for the standing posture are compared with measured data obtained 
by Underwood and Ward (1966), Fanger (1970) and Jones et al. (1998) in Figure 
4.13. The marks indicate the experimental results whereas lines represent the 
predicted overall projected area factors as integrated over the humanoid's 
surface. Generally, the best agreement between predicted and measured values 
was achieved for the detailed experiments carried out by Fanger (1970). For 
most altitude and azimuth angles the discrepancy was typically about 5% 
relative error. Greater discrepancies resulted for the overall fp,dir-factors 
measured by Jones et al. (1998) at /3=-30° and /3=-60°. For these altitude 
angles, however, the measured quantities were partly greater than for frontal 
exposures which seems less plausible and difficult to reproduce by rigorous 
numerical techniques. 
The lowest level of agreement resulted for the less detailed experiments of 
Underwood and Ward (1966) who measured the human fp-factors for seven 
altitudes but only for three azimuth angles (0°, 45° and 90°). The largest 
discrepancy with twice as high predicted fp-factors of Underwood and Ward 
resulted for /3=90 0. It should be noted that the effective radiation area of the 
subjects in the experiments was unknown and thus the Jeff of the humanoid 
model was used instead to weight the measured values in Figure 4.13 
representing a possible source of error. 
The predicted overall projected area factors of the sedentary posture are 
compared against the experimental results of Fanger (1970) in Figure 4.14. 
Similarly to the standing posture a good general agreement between prediction 
(solid lines) and experiment (data points) was obtained for most altitude and 
azimuth angles. An exception formedjp,dir-factors at an altitude angle of P=1S o 
and a <600 / a >3000 for which the discrepancy between prediction and 
measurement was greater than 10% relative error. 
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Figure 4 .14 Comparison of predicted overall projected area factors for the 
sedentary posture with experimental results obtained by Fanger (1970). 
The results of this study were also compared with the simulation results 
obtained by other authors. A comparison with the overall projected area factors 
predicted by Tanabe et al. (2000) for standing and sedentary postures is shown 
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Figure 4 .15 Comparison of predicted projected area factors of the whole body 
with simulation results obtained by Tanabe et al. (2000). 
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The models agreed with each other within 7% relative error. The greatest 
relative discrepancies occurred at p =900 for both postures where the present 
regression model (which is based on more detailed geometry models) predicted 
thefp-factors to be closer to the experimental results of Fanger (1970) than to 
the numerical results of Tanabe et al. (2000). It is interesting to note that this 
study confirmed the results of Tanabe et al. with respect to the maximum fp-
factors for a <600 and a >3000 (sedentary posture) not exceeding 0.31 which 
contrasts the experimental results of Fanger withfp,max =0.34. 
In contrast to direct solar radiation no experimental data was found for fp-
factors with respect to diffuse solar radiation in the literature. Various authors 
(e.g. Fanger 1970; Horikoshi et al. 1990; Miyazaki et al. 1995; Tanabe et al. 
2000), however, reported on measured effective radiation area factors for the 
human body as a whole. The effective radiation area factor is defined as the ratio 
between the effective radiation area and the actual surface area of the human 
body. Thereby, the effective radiation area is that area of the human body that is 
presented to the environment contributing to the radiation exchange with a 
diffusely radiating homogeneous enclosure. The experimentally observed 
human effective radiation area factors could therefore be directly compared 
with the predicted overall projected area factors obtained for diffuse radiation 
from the isotropic sky provided the ground albedo, pg, equals unity. The overall 
projected area factors for diffuse radiation were obtained by integration of local 
quantities and are compared with the experimental results from various authors 
in Table 4.2. 
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Table 4.2 Comparison of predicted overall projected area factors for diffuse 
solar radiation with measured effective radiation area factors. 
Effective radiation area factor 
Description Standing 1)osture Sedentary posture 
nude clothed nude clothed 
Present study 0.84 0.78 
Bedford a. 0.82 0.72 
Guibert h. 0.73 0.65 
Fanger c. 0.73 0.87 0.70 0.77 
Horikoshi d. 0.80 0.91 0.74 0.80 
Miyazaki e. 0.83 0.78 
Tanabe f. 0.74 0.69 
a. Bedford (1935); h. Gmber and Taylor (1952); c. Fanger (1970); 
d. Horikoshi et al. (1990); e. Miyazaki et al. (1995); f. Tanabe et al. (2000). 
The results of the present study agreed well (within 5% relative error) with data 
obtained by Bedford, Horikoshi and Miyazaki but they are greater (13% relative 
error) than those obtained e.g. by Fanger and Tanabe. It is hypothesized that 
these discrepancies were due to differences in the body posture considered. In 
this study the geometry models for both the standing and sedentary posture 
represented relaxed, stress-free position. In contrast, other studies considered 
compact geometry models and subjects with extremities closely attached to each 
other or to the body. 
While most investigations have dealt with the overall radiation characteristics of 
the human body, to date, also some information is available on measured local 
quantities. In Figure 4.16, the predicted local projected area factors of individual 
body parts with respect to direct radiation are compared with the corresponding 
measured data obtain by Jones et al. (1998). To make a comparison possible the 
predictions referring to individual spatial body sectors were integrate~ locally to 
obtain fp-factors of the body parts according to the experimental set-up. 
Unfortunately, no experimental data was found with which to compare 
predicted localfp-factors for diffuse radiation. 
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Figure 4.16 Comparison oflocal projected area factors predicted for individual 
body parts with mea ured data using a standing manikin, Jones et al. (1998). 
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As in the case of overall factors, also the predicted local fp,di,.-factors agreed 
generally well with the measurements reproducing both the trend and absolute 
values for most body sectors. The average deviation including all angles and 
body sectors was /lfp = ± 0.03. Partly large discrepancies however resulted for 
non-central body sectors such as feet. A thorough analysis of the results 
assumed that the discrepancies were most likely associated with the following 
differences between model and experiment. 
Besides differences in posture that were suggested to cause discrepancies 
between predicted and measured local fp-values particularly in extremities, 
there were also some differences in the segmentation of the computer model 
and the manikin used in the trials. 
However, the main point was probably that the simulations were performed for 
parallel rays with the high intensity source at an infinite distance from the 
human body but the experiments were conducted for finite distances between 
the body and the camera. In case of the Jones et al. experiment the distance was 
4.3m for positive altitude angles and 3.7m for negative altitude angles, 
respectively. To this point the azimuth and the altitude angles of the camera 
were measured from the centre of the manikin. There was good agreement with 
the measuredfp-factors for body parts that were close to the body centre such as 
stomach and chest. For body parts such as head, face, upper arms and feet, 
however, a lower level of agreement between prediction and experiment was 
achieved. This was because the posi~ion of the camera, i.e. the angles a and p, 
relative to the body centre, increasingly deviated from the position relative to 
the individual body parts, and thus from the direction of the parallel rays in the 
simulations. 
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4.6 Conclusions 
In this study, regression equations for predicting local projected area factors of 
standing and sedentary persons were developed using detailed computer 
models of the human body geometry and numerical ray-tracing techniques. The 
new regression model was developed for both diffuse and direct solar radiation. 
Validation tests showed good general agreement with measured data for both 
overall and local quantities. Discrepancies between predicted and measured 
data appeared to be associated mainly with differences in posture and with the 
fact that the simulations were performed for parallel rays with the high intensity 
source being at an infinite distance from the body whereas the experiments were 
performed for finite distances. 
The projected area factor equations developed in this study can be used to 
predict the irradiation and absorption of direct and diffuse solar radiation over 
the 3D surface of the human body. Bio-meteorologists and other scientists can 
use the equations to perform detailed analysis of the effect of solar radiation on 
human beings exposed to outdoor weather conditions. This information can 
then serve, for example, to develop bio-climatic charts and rationally derived 
operative temperatures which characterise the outdoor climate conditions 
including the effect of solar radiation on humans. 
The presented equations may prove useful especially when used in conjunction 
with detailed, multi-segmental models of the human thermoregulatory system 
and thermal comfort. With these models the thermal effect of direct and diffuse 
solar radiation on humans and the associated physiological and perceptual 
implications can be quantified. Another possible application of the equations, 
besides any thermal effects, is the prediction of the UV-dose and the assessment 
of the associated health risks and possible injuries to exposed body parts. 
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Chapter 5 
Modelling view factors for individual 
parts of the human body 
5.1 Introduction 
View factors are important figures when calculating the long-wave radiative 
heat exchange between humans and the surroundings. These factors 
incorporate the effect of body geometry, orientation and the general geometric 
set up of the enclosure. Literature provides two principal methods of measuring 
view factors for the human body. One of them is the mechanical integrator 
method which was used e.g. by Dunkle (1963), who worked out view factor 
diagrams for a single standing person. The other method used e.g. by Fanger 
(19'70) and Horikoshi et al. (1990) is the photographic method. Most of the 
recent studies have been conducted using the latter procedure. 
Based on measurements using the photographic method, Fanger (1970) has 
developed view factor diagrams for sedentary and standing persons (see Figures 
2.8 to 2.11, Chapter 2) with respect to both vertical and horizontal rectangular 
plane surfaces. Each diagram displays the view factors of the whole human body 
as a function of dimensionless distances ale and ble between the body and the 
wall, where a and b are the side lengths of the rectangle and e is the normal 
distance between the person (his centre) and the rectangle (for more details see 
Chapter 2, section 2.5.1.4). 
Fanger's diagrams were developed for distances between the body and the 
surface of e>7m. Horikoshi et al. (1990) discovered that for distances C<2m the 
view factors between a person and rectangular plane were underestimated by up 
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to 40% using the Fanger approach. Ozeki et al. (2000) who determined the view 
factors between the human body and rectangular planes using numerical 
methods, however, found a better agreement with the Fanger's experimental 
results for e =:;; 2.0, as shown in Figure 5.1. The maximum discrepancy reached 
about 4% for standing and about 7% for sedentary subjects, respectively, Ozeki 
et al. (2000). 
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Figure 5.1 Comparison of view factors between human body (standing and 
seated posture) and rectangular plane surfaces obtained by different authors 
(Ozeki et at, 2000). 
Nevertheless, it seems that human view factors depend on the distance between 
the human body and surrounding surfaces when defined as a function of the 
dimensionless distances ale and ble as currently used in various standards. 
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5.1.1 Empirical methods for estimating human view factors 
Experimentally obtained view factors have usually been presented as graphs and 
diagrams. The disadvantage of this presentation method is that graphs or 
diagrams are inappropriate for computer applications. A number of empirical 
approaches and equations has therefore been developed by various authors. 
Cannistraro et al. (1992) have presented a simple algorithm for calculating view 
factors of the sedentary and standing human body and surfaces of 
parallelepiped enclosures based on the experimental results obtained by Fanger. 
Nucara et al. (1999) have extended the Cannistraro et al. (1992) equations in 
which the corner of surface is not aligned with the centre of the person. Their 
algorithm enabled a calculation of view factors for composite plane surfaces 
represented by walls that include other surfaces such as doors, windows, and 
heating panels. 
Steinman et al. (1988) has developed equations for determining view factors 
between a standing person and inclined surfaces in front of and above his centre 





Figure 5.2 Development of view factor between a person and a rectangle at tilt 
angle <I> (Steinman et al., 1988). 
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In his work view factors appear as a function of the body's projected area factor, 
fp: 
(5.1) 
where rp PA = view factor between the human body and an 
inclined surface, 
fp = projected area factor of the human body, 
A, B, C= coordinates of the inclined surface, 
x, y, z = orthogonal coordinates, 
<I> = tilt angle of the inclined surface. 
Steinman's equations are not only applicable to rectangular surfaces but can 
also be used to calculate view factors for surfaces of different shapes. 
Unfortunately, Steinman's equations only apply to standing persons. 
5.1.2 Numerical approaches 
Over many years various analytical solutions for determining view factors have 
been developed for a variety of simple geometries e.g. Ozisik (1973), Brewster 
(1992), ASHRAE (1993), Jones (2000). For complex geometries such as the 
human body, however, no analytical solutions have been available and thus 
numerical techniques have to be used. 
Nowadays the availability of powerful microprocessor computers makes the use 
of accurate numerical techniques possible to calculate view factors of even 
complex geometric shapes and configurations. Ozeki et a1. (2000) and Tanabe et 
al. (2000) used a 3D humanoid geometry models to determine view factors of 
the human body as whole by means of numerical simulation. The Tanabe's 
model, for example, divided the body into 4396 quadrilateral surface elements 
with a total surface area of 1.72 m2 (Figure 5.3). The authors predicted whole 
body view factor for standing and sedentary persons with respect to vertical and 
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horizontal rectangular surfaces. They were able to reproduce Fanger's 




geometry model of a standing 
nude male, Ozeki et al. (2000). 
Huizenga et al. (2001) also used a realistic 3D model of the human body to 
predict radiative heat losses for each of the 5000 polygons of his numerical 
humanoid in inhomogeneous environments. Unfortunately, neither information 
on predicted view factors nor information on the numerical techniques used was 
provided. 
In most experimental as well as simulation studies, however, overall human 
radiation data rather than local quantities were provided. Also current national 
and international thermal comfort standards only provide information on 
human view factors for the body as a whole and only for surfaces of 
parallelepiped enclosures. 
The aim of this study was to develop a model for predicting human view factors 
for individual body parts. Human local projected area factors, /p, developed in 
Chapter 4, incorporate all the necessary information on the local, geometry-
related radiation characteristics of the human body. The idea here was to use 
these /p-factors to enable predictions of human local view factors with respect to 
arbitrary surfaces of the radiant enclosures. 
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5.2 Method of modelling 
5.2.1 General considerations 
In Chapter 4, a model was developed which predicts the projected area factors 
of individual body parts with respect to parallel rays at any azimuth and altitude 
angles. These fp-factors will be used here to model view factors between 
individual body parts and surrounding surfaces. The geometrical parameters 
required to calculate the view factor between a body part and a surrounding wall 
are indicated in Figure 5.4. 
Figure 5.4 Geometrical parameters required to calculate the view factor 
between the upper exterior left arm body sector and a vertical wall. 
The general analytical expression for calculating the view factor, f(Jb,w between 
Ab andAw is: 
where 
f(Jb,w = view factor between Ab and A w, 
r = distance vector between dAb and dAw, 
nb = normal vector of dAb, 
nw = normal vector of dAw, 
P b = angle between normal vector fib and distance vector r , 
Pw = angle between normal vector fiwand distance vector r , 
Aw = total area of the wall, 
Ab = total surface area of the body sector. 











The term COSpbClAb is the (differential) projected area (dAp) of the body sector Ab. 
The corresponding projected area factor (lp) is then the ratio of this projected 
area and the corresponding actual surface area. Equation (5.2) can therefore be 
expressed as a function of the projected area factor,fp, as follows: 
where fp is the projected area factor of a surface element of dAb with respect to a 
surface element dAw. 
5.2.2 Numerical model 
5.2.2.1 Geometry 
In the numerical model the human body is positioned in a Cartesian coordinate 
system as shown for a standing and sedentary person in Figure 5.5. 
r 
x 
it . ~. o.-O)--"x 
y y 
a. Standing posture b. Sedentary posture 
Figure 5.5 Location of the geometry models in a global coordinate system. 
The segmentation of the body geometry is described in Chapter 4. In the model 
for calculating view factors each body part is assumed to be a finite surface 
element which is represented by a reference point located in the centre of the 
respective body sector, Figure 5.6. 
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Figure 5.6 Body segments with the respective reference points. 
The coordinates (Xb, Yb, Zb) of the sectors' reference points for both standing and 
sedentary posture are listed in Table 5.1. 
Chapter 5: Modelling viewfactorsfor individual parts of the human body 78 
Table 5.1 Coordinates of the reference points of individual body sectors for 
standing and sedentary postures in the global coordinate system. 
Standing posture Sedentary posture 
Body parts Xl> Yb Zb Xl> Yb 
10-3m 10~3m 
Head -59 0 1719 -118 13 
Forehead 84 0 1666 34 0 
Face: Anterior 102 -3 1597 18 3 
Face: Left (Right) exterior 16 -65 (65) 1625 -91 -60 (60) 
Neck: Anterior 34 0 1510 -83 0 
Neck: Left (Right) exterior 4 -47 (47) 1522 -144 -51 (51) 
Neck: Posterior -67 -1 1533 -186 0 
Shoulder: Left (Right) -32 -131 (131) 1465 -150 -163 (163) 
Thorax: Anterior 105 -1 1355 14 0 
Thorax: Left (Right) inferior -11 -147 (147) 1241 -109 -150 (150) 
Thorax: Posterior -125 0 1358 -238 0 
Abdomen: Anterior 101 0 1075 13 0 
Abdomen: Left (Right) inferior -4 -138 (138) 1070 -73 -136 (136) 
Abdomen: Posterior -61 0 1064 -153 0 
Arm: Left (Right)Upper anterior 32 -193 (193) 1288 -65 -184 (184) 
Arm: Left (Right) upper exterior -29 -235 (235) 1322 -111 -231 (231) 
Arm: Left (Right) upper inferior -25 -178 (178) 1215 -119 -149 (149) 
Arm: Left (Right) upper posterior -94 -203 (203) 1279 -180 -231 (231) 
Arm: Left (Right) lower anterior 44 -226 (226) 1072 2 -168 (168) 
Arm: Left (Right) lower exterior 14 -272 (272) 1068 20 -221 (221) 
Arm: Left (Right) lower inferior -11 -193 (193) 1062 64 -204 (204) 
Arm: Left (Right) lower posterior -45 -255 (255) 1057 -52 -254 (254) 
Hand: Left (Right) handback 79 -255 (255) 876 131 -192 (192) 
Hand: Left (Right) palm 55 -226 (226) 846 152 -180(180) 
Leg: Left (Right) upper anterior 87 -108 (108) 720 163 -134 (134) 
Leg: Left (Right) upper exterior -4 -174 (174) 713 133 -200 (200) 
Leg: Left (Right) upper inferior -5 -30 (30) 697 163 -58 (58) 
Leg: Left (Right) upper posterior -82 -73 (73) 696 81 -91 (91) 
Leg: Left (Right) lower anterior 15 -115 (115) 291 401 -149 (149) 
Leg: Left (Right) lower exterior -34 -167 (167) 319 348 -199 (199) 
Leg: Left (Right) lower inferior -21 -63 (63) 326 363 -103 (103) 
Leg: Left (Right) lower posterior -100 -101 (101) 323 292 -138 (138) 
Foot: Left (Right) instep 22 -120 (120) 57 433 -122 (122) 
Foot: Left (Right) sole 37 -109 (l09) 5 434 -128 (128) 
Note: Values m parentheses are the coordmated o/the right hand side 
body parts. 





































5.2.2.2 Integration procedure 
The new model uses a numerical form of equation (5.3) to calculate view factors 
between body sectors and surrounding surfaces. The wall surfaces are 
positioned within the coordinate system described above. In order to perform 
the numerical integration each surface is subdivided into small surface elements 
A~ (Figure 5.7). 
I.} 
~. , 
(XW ') ,Yw.}, zw.}) 




Figure 5.7 Geometric parameters used in the numerical model. 
The view factor between the body sector and a finite surface element AWl,} is 
obtained by: 
1 
rtI =- I' cosp M 
't'b.Awl .} 1l1'.2 J Pl.} WI.} WI.} 
I.} 
where "t.} = distance vector r between the body sector and the 





.} = angle between the normal vector of the surface element and 
the distance vector r , [rad] 
= projected area factor of the body sector with respect to Aw • [-] 
I.J 
The model predicts the projected area factors [PI.} in equation (5.4) for each 
finite surface element AWl.} by calculating the corresponding azimuth and 
altitude angles (a and {3) as follows: 
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The parameters 'i,J and Pw,.1 are calculated from the geometrical configuration 




Figure 5.8 Distance vector r and altitude angle (jJ) of each surface element of 
the wall with respect to the body sector. 
The angle, Pw,.1 ' between 'i,J and the normal vector, iiW',1 ' of the plane element, i, 
is determined by: 
where the normal vector nW1,j of the plane element is defined as: 
[
nx 1 [Sin <l>cosa] [0] [ 0 ] 
fiw/,j = ::::~ ; fix/,j = ~ ; iiY/,j = -s~na ; iiz/,j = CO~<It 
',j 
(5·8) 
where <l> and a is tilt and azimuth angle of the plane, respectively. 
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The distance vector r is defined as: 
with (5.10) 
being the length of r . 
With the above information, the view factor between Ab and Aw is obtained by 
numerical integration of equation (5.6) in the ith and jth direction over Aw 
(Figure 5.8): 
1 m " 1 
rfl = - ~ ~-.I' cosfl M 
"f'b,w tr ~ ~ 2 J PI,} wlJ wI.) 
;-1 i-I ri,} 
(5.11) 
5.2.2.3 Model extension for arbitrary azimuth angles 
The calculations of the azimuth and altitude angles for individual body sectors 
using equations (5.5) and (5.6) are valid between- tr < a < tr and _ tr < fl < tr • 
2 2 2 2 
The equation (5.6) covers the whole range p-angles considered. To obtain a 
universal model also for any a, i.e. between 0 to 21f, the following concept was 
proposed. 
Consider Figure 5.9 which subdivides the scene into four quadrants (A, B, C and 
D). The extended model calculates the resultant a based on the identification of 
the 'active' quadrant in which a wall surface element is located relatively to the 
body sector considered. 




• 1f , ' 
:~,' 
: a / Quadrant A , , , , 
QuadrantB 
The following observations can be made: 
Figure 5.9 Subdivision of the 
scene into four quadrants to 
determine the relative position 
of the wall-surface elements. 
1) A surface element Aw is located in the quadrant A when its x- and y-
coordinates are greater than the corresponding coordinates of the 
reference point of the considered body sector: i.e. Xw>Xb and Yw>Yb. In 
this case the azimuth angle is between 0 < a < 1r and equation (5.5) 
2 
applies. 
2) The surface element Aw is located in the quadrant B when its x-coordinate 
is smaller and y-coordinate is greater than the corresponding coordinates 
of the reference point of the considered body sector: Xw<Xb and Yw>Yb. In 
this case the azimuth angle is between 1r < a < 1l. Therefore, equation 
2 
(5.5) has to be modified as follows: 
(5.12) 
3) The surface element Aw is located in the quadrant C when its x- and y-
coordinates are smaller than the corresponding coordinates of the 
reference point of the considered body sector: i.e. Xw<Xb and Yw<Yb. In 
this case the azimuth angle is between 1r < a < 31r • The adapted equation 
2 
(5.5) results in equation (5.13): 
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I(Yb-YW' j J a j =1r+tan- I. 
Xb -X~'J 
I • 
. 4) Aw is located in the quadrant D when its x-coordinate is greater and y-
coordinate is smaller than the corresponding coordinates of the reference 
point of the considered body sector: Xw>Xb and Yw<Yb. In this case the 
azimuth angle is between 3Jr < a < 2Jr , and equation (5.5) becomes: 
2 
5.3 Verification of predicted view factors 
The numerical procedure was implemented in a spreadsheet software which 
calculates human local view factors for the required boundary conditions 
including body posture, the position and the azimuth angle of the person, the 
dimensions of the surrounding surfaces and the resolution of the surfaces as 
user-defined in puts into the calculation. 
For verification purposes the predicted local view factors were initially 
compared with results obtained by the voxel-based ray tracing technique, 
(ThermoAnalytics, 2001). The comparisons were performed for both sedentary 
and standing subjects exposed to vertical (front and side wall) and horizontal 
surfaces (floor and ceiling). 
The surfaces were subdivided into 2500 small surface elements (50 in i 
direction and 50 inj direction). The view factors were computed by varying the 
dimensionless distance alc and ble between 0.2 and 10, whereby a and b is the 
width and the height of the plane, respectively and e is the distance between the 
centre of the body (1.om and 0.6m above the floor for the standing and the 
sedentary posture, respectively) and the surface (see e.g. Figure 5.10 top). The 
distance between the body and the surfaces was chosen to be 1m, 5m, and 10m. 
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5.3.1 Vertical surfaces 
These simulations were performed for frontal and spatial walls and both for 
standing and sedentary posture. The distances, c chosen for the analysis were 
1m and 10m for the standing posture and 1m and 5m for the sedentary posture. 
In Figures 5.10 to 5.13 the model results (for two exposed body parts) are 
compared with the corresponding voxel-based ray tracing technique results. The 
local view factors of a standing and sedentary person with respect to a front wall 
are plotted in Figure 5.10 and 5.11, respectively. Solid lines represent the 
predicted view factors obtained using the new model and marks represent 
voxel-based ray tracing technique results. The results obtained for other body 
sectors are presented in Appendix C.l and C.S. 
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Figure 5.10 View factors of two exposed body parts of a standing person with 
respect to a vertical front wall when the body is located (i) close to (ii) far from 
the wall. 
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ii) Subject far from the front wall (c=5.0 m) 
Figure 5.11 View factors of two exposed body parts of a sedentary person with 
respect to a vertical front wall when the body is located (i) close to (ii) far from 
the wall. 
It can be observed that the view factors both for standing and sedentary posture 
strongly rose with the increasing the dimensionless distance a/c for b/C<2, but 
reaching saturation for b/c>5. 
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Generally, the predictions agreed well with the results of the voxel-based ray 
tracing techniques for all distances. The accuracy of the predictions, however, 
did depend on the distance c between the subject and the wall. The average 
. relative error (see details in Chapter 3) between the new model and RadTherm 
(voxel-based ray tracing techniques) was 2.72% and 5.58% for 10m (standing) 
and 5m (sedentary), respectively, compared to 3.13% (standing) and 9.81% 
(sedentary) obtained for C=1m distance. 
The explanation for this phenomenon is the fact that in the model the body 
sectors are represented by singular points rather than 3D surfaces which plays 
an increasingly important role for small distance from the surface. Nevertheless 
with the above relative errors the results predicted by the new model were 
considered to be acceptable. 
The view factors of two exposed body parts with respect to a side wall are 
plotted for the standing and sedentary posture in Figure 5.12 and 5.13, 
respectively. 
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Figure 5.12 View factors of two exposed body parts of a standing person with 
respect to a vertical side wall when the body is located (i) close to and (ii) far 
from the wall. 
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Figure 5.13 View factors of two body parts of a sedentary person with respect 
to a vertical side wall when the body is located (i) close to and (ii) far from the 
wall. 
Similarly to the front wall, the predicted view factors obtained using the 
developed model (solid lines) agreed well with the results of the voxel-based ray 
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tracing techniques (data points) both for standing and sedentary postures over 
the whole range of alc and blc. Here too, there was a tendency of slightly over 
predicting view factors obtained by RadTherm for close distances c. With 4.25% 
(standing) and 8.45% (sedentary) the average relative error was generally 
smaller compared to the front wall. In Appendix C2 and C6 are provided the 
results for other body parts. 
5.3.2 Floor 
A comparison of view factors as predicted by the new model and RadTherm for 
the floor is provided in Figure 5.14. Here, the body sectors selected represent 
body parts whose view factors strongly depend on the body posture. 
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Figure 5.14 View factors of the anterior abdomen and the anterior upper left 
leg with respect to a floor for (i) standing and (ii) sedentary posture. 
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Figure 5.14 (Continued). 
Figure 5.14 demonstrates the importance of the body posture on the local view 
factors of some body parts. For the case of sedentary posture, the anterior 
abdomen was partly hidden by the upper legs. These view factors are therefore 
considerably lower than those obtained for the standing posture. The upper 
anterior legs of a sedentary person are not exposed to the floor resulting in view 
factors close to zero. The results obtained for other body parts are provided in 
Appendix C.4 and C.B. The average relative error of local view factor with 
respect to the floor ranged between B.o% and 9.3% for standing and sedentary 
posture, respectively. The maximum total error did not exceed 28.5%. 
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5.3.3 Ceiling 
Figure 5.15 shows the results obtained for the ceiling. 
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Figure 5.15 View factors of the lower left arm (anterior) and the left handback 
with respect to the ceiling for (i) standing and (ii) sedentary posture. 
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Also figures 5.15 demonstrate the impact of the body posture on local view 
factors. For other body parts (see Appendix C.3 and C.7), however, only a 
marginal effect of the body posture was observed. 
The predictions agreed very well with the results obtained using the ray tracing 
technique both for standing and sedentary posture for all ale and ble values. 
The average relative error was evaluated to be 7.8% and 7.9 % for standing and 
sedentary posture, respectively. The maximum relative was about 22.7%. 
5.3.4 Sensitivity analysis 
To investigate how the accuracy of the predicted view factors is affected by the 
resolutions of the plane, a simplified geometry was defined featuring a vertical 
wall of 10X10m in front of the person both standing and sedentary. The front 
wall was subdivided into a different number of surface elements representing 
four resolution levels: low, medium, high and very high resolution. In case of 
low resolution, the area of the surface elements was about 4m2 (2 x 2m) whereas 
for the medium resolution 1m2. The surface area of the element in case of high 
and very high resolution was 0.25 m2 (0.5 x o.sm) and 0.04m2 (0.2 x 0.2m), 
respectively (Table 5.2). 
The humanoid was placed centred to the middle of the wall at the distance e 
(Figure 5.16). The view factors were predicted for the following distances 
between the subject and the wall, c: 1, 2, 3, 5 and lorn. The predicted view 
factors were compared with results obtained by voxel-based ray tracing 
technique (RadTherm) for both standing and sedentary postures. 
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10m 
Figure 5.16 Geometrical configuration used in the sensitivity study. 
Table 5.2 The four resolutions of the plane analysed in the study. 
Area of 
Resolution Number of each surface surface of plane elements element 
Cm2) 
Low 25 (5x5) 4.00 
Medium 100 (IOxIO) 1.00 
High 400 (20x20) 0.25 
Very high 2500J50x5Ql 0.04 
The results obtained for some body parts are shown graphically in Figure 5.17. 
Data points are the view factors predicted by the new model, solid lines 
represent the results obtained by the voxel-based ray tracing technique. 
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Figure 5,17 Comparison of predicted view factors of some body parts with the 
results obtained by the voxel-based ray tracing technique. 
The predictions were in very good agreement with RadTherm results when the 
distance between the body and the wall was greater than 2m for all resolutions. 
However, partly significant discrepancies occurred for C=lm in which case the 
view factors predicted using the low resolution deviated by 20% and more from 
the results obtained using the ray tracing technique. 
In this study, it was also interesting to obtain information on the overall relative 
error, i.e. the relative error referring to the overall view factor for the human 
body as a whole. For this purpose, the local values were integrated over the 
whole body surface. The results are listed in Table 5.3. 
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Table 5.3 The average relative error of the whole-body view factors. 
Relative error [%] 
Distance Standing posture Sedentary posture 
[m] Low Med. High V. high Low Med. High V. high 
Res. Res. Res. Res. Res. Res. Res. Res. 
1 20.41 9.97 8.57 8.44 30.86 11.68 10.09 10.22 
2 5.25 4.25 4.40 4.55 9.47 8.85 8.82 8.92 
3 5.00 4.69 4.91 4.97 5.43 5.36 5.47 5.65 
5 4.85 4.95 4.91 4.97 3.79 3.83 3.89 3.98 
10 2.60 2.64 2.65 2.64 3.22 3.23 3.37 3.40 
As can be seen the largest discrepancies occurred for the lowest resolution when 
the body was close to the wall (c=lm). The relative error dramatically decreased 
for higher resolutions and distances C>lm. 
Although a large number of sulface elements provided improved accuracy when 
the body was close to the wall, there was a rather little effect to the wall 
resolution for distances C = sm and more. For all three cases, a 'medium' 
resolution was felt to be the best compromise between accuracy, computational 
time and hardware requirements for most practical applications. 
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5.4 Validation of predicted view factors and discussions 
In this section, the new model was validated against available experimental 
results obtained by Fanger (1970) and Horikoshi et al. (1990). Four geometrical 
configurations were analysed: front wall (FW), sidewall (SW), ceiling (CE), and 
floor (FL) which were an chosen to match the experimental design (Figure 5.18). 
As described in section 5.3 the view factors were calculated by varying the 
dimensionless distances alc and blc. Each surface was subdivided into 100 (10 
x 10 elements) surfaces elements which referred, approximately, to a 'medium' 
resolution described in section 5.3·5· The view factors of individual body sectors 





... Figure 5.18 Geometrical 
__ -----==,,...IO.6rn. configuration used in the 
study. 
To date, there are no experimental results available for individual body sectors. 
For validation purposes, therefore, the predicted results obtained for the 
individual body sectors were integrated over the whole body to enable a 
comparison with experimental results. The analysis was performed for two 
distances: 1) close distance corresponding to the experiment of Horikoshi et al. 
(1990) in which c was set to 1m and 2) a distance of C=lom according to the 
experiments of Fanger (1970). In case of ceiling, the view factors were predicted 
for a height of 3.0m above the floor (Fanger, 1970). The predicted results 
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obtained for the standing posture are plotted together with the corresponding 
measured data in Figures 5.19 and 5.20. 
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Figure 5.19 Comparison of predicted and measured whole-body view factors 
between a standing person and surrounding surfaces at the distance C=1m Oeft) 
and C=10m (right). 
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Figure 5.19 (Continued). 
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Left hand side diagrams include view factors for subjects in close proximity of 
the panel (c=1m, except Fanger's results) whereas the right hand side figures 
display view factors for C=10m (front and side wall). 
Generally, there was good agreement between predictions and experimental 
values for most alc and blc values at both distances c. An exception formed 
view factors with respect to the floor which were predicted to be greater than in 
the experiments of Fanger but lower than in the experiments of Horikoshi. 
Figure 5.19 demonstrates that the new model is able (in contrast to the Fanger 
data) to reproduce measured view factor reasonably well also for the close 
distances between a person and surfaces of the surrounding. 
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The results obtained for the sedentary posture are plotted in Figure 5.20. Here 
too, left hand side diagrams of Figure 5.20 show view factors of subjects in the 
close proximity to the panel (except Fanger's results) while the right hand side 
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Figure 5.20 Comparison of predicted and measured whole-body view factors 
between a sedentary person and surrounding surfaces at the distance C=lm 
Oeft) and c=sm (right). 
The predictions (solid lines) agreed well with the experimental values including 
close distances. Again, an exception formed view factors obtained for the floor 
which were predicted to be higher than the results of Fanger but lower than the 
experimental results of Horikoshi. 
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Figure 5.20 (Continued). 
Some reasons for the discrepancies between predictions and measurements are: 
a) the humanoid body simulated could differ in both geometry and posture from 
the subjects in the experiments, and b) the Fanger's results are known for not 
performing well for close distances between a person and a surface. This might 
be the reason why the predictions agreed better with the experimental data of 
Horikoshi than with the results of Fanger. 
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5.5 Conclusions 
In this chapter a finite element method was used to model human local view 
factors. The new model enables predicting view factors of individual parts of the 
human body with respect to any arbitrary surrounding surface. It is therefore 
hoped that the model will be a useful tool for detailed human radiation analysis 
in inhomogeneous environments. 
, 
The model showed good general agreement with available experimental results 
for both standing and sedentary posture. Some discrepancies between predicted 
and measured data appeared for close distances between the body and 
surrounding surfaces which is because of the limitation of considering body 
sectors as singular finite elements. Nevertheless, the results obtained using the 
new model reproduced measured data obtained for close distances much better 
than the Fanger approach. 
Scientists and engineers can use the view factors to perform detailed radiation 
calculations for building occupants. Together with a detailed thermal comfort 
model these factors can assist architects, designers, building simulation 
vendors, and researchers to quantify the comfort performance of buildings and 
HV AC systems, as well as individual built constructions such as windows, 
heated floor, radiators and etc. The combined model could also have value in 
analysing the health and safety critical thermal environments. 
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Chapter 6 
Predicting human thermal responses to 
asymmetric radiation 
6.1 Introduction 
In the past, various multi-segmental models of human thermoregulation have 
been developed (e.g. Stolwijk 1971, Konz et al. 1977, and Wissler 1985) many of 
which have been valuable tools contributing to a better understanding of human 
thermoregulatory processes. More recent models enable environmental heat 
losses to be calculated in detail predicting dynamically body temperatures, local 
skin temperature and thermoregulatory responses over a wide range of thermal 
circumstances (e.g. Fiala et al. 2001, Huizenga et al. 2001). Todate, however no 
work has been done to validate such models under asymmetric radiation 
conditions. 
In this chapter projected area factors (jp) and view factors (rp) described in 
Chapter 4 and Chapter 5 were used with IESD-Fiala model (Fiala et al., 1999) to 
enable detailed radiation calculations and to predict human thermal responses 
to asymmetric radiation environments. This multi-segmental model has been 
shown to provide good agreement with measured physiological and perceptual 
responses over a wide range of steady state and transient conditions (Fiala et al., 
2001 and 2003). The model has found applications, e.g. in medical engineering 
to predict temperature and regulatory responses of anaesthetised patients, in 
the car industry to predict passengers' responses to the transient and 
asymmetric boundary conditions found inside car cabins (Fiala et al. 2004), in 
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meteorology to quantify human physiological and comfort responses to outdoor 
weather conditions (e.g. Fiala et al. 2001), some military applications, and the 
thermal comfort analysis in buildings and individual built components (Fiala et 
al. 1999 and Martinez et al. 2000). 
A number of experiments on physiological responses useful to validate the 
extended model for asymmetric radiation environments has been found in the 
literature. Fanger et al. (1980 and 1985) conducted series of experiments on 
human physiological responses to various asymmetric radiation configurations. 
Fourteen local skin temperatures across the body and rectal temperature (as 
well as thermal sensation) of the subjects were recorded. 
Hall and Klemm (1967 and 1969) studied physiological responses of subjects in 
extreme environments with radiant asymmetry of over 100 K. They measured 
rectal temperatures and seventeen skin temperature across the body of the 
subjects every five minutes. 
Hodder (2002) exposed seated subjects to simulated direct solar radiation 
intensities of 200,400 and 600 Wm-2 and measured local skin temperatures at 
six body parts. 
The aim of this part of the study was to predict human physiological responses 
to asymmetric radiation environments and validate the simulation results 
against the above experimental trials. Of special interest were predictions of 
local skin temperatures which are important signal of human local thermal 
reception and comfort (Hensel, 1979 and 1981) and thus for this research the 
main objective is to develop a physiologically based thermal comfort model for 
predicting human local perceptual responses to asymmetric radiation. 
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6.2 The IESD-Fiala model of the human 
thermoregulatory system 
The mathematical model of human thermoregulation and thermal comfort used 
in this research is IESD-own development. This multi-node, dynamic model 
incorporates two interacting systems of thermoregulation: the controlling, 
active system (Le. thermoregulatory system) and the controlled passive system. 
The IESD-Fiala model incorporates a physiological based thermal comfort 
model which predicts overall thermal sensation responses in steady state and 
transient environments. 
6.2.1 Passive System 
The passive system of the IESD-Fiala model is a multi-segmental, multi-layered 
representation of the human body with spatial subdivisions (Figure 6.1) and 
detailed information on anatomic and geometrical body properties. The body is 
idealised as 19 spherical and cylindrical elements built of annular concentric 
tissue layers with the appropriate thermophysical properties and physiological 
functions. Individual tissue layers are subdivided into spatial sectors to enable 
detailed modelling of environmental asymmetries. Tissue layers are further 
discretised into (a total of 317) tissue nodes. The model represents an average 
person with a body weight of 73.5 kg, body fat content of l4%wt, Dubois-area of 
1.86 m2, basal metabolism of 87 W, basal evaporation from the skin of l8W, and 
basal cardiac output of 4.9 L min-to The passive system is described in detail in 
Fiala et al. (1999). 

















Figure 6.1 The passive system ofthe IESD-Fiala model (Fiala et at, 1999). 
The model predicts the dynamic heat transport within the body taking into 
account the metabolic heat production, blood perfusion, heat conduction from 
warmer to colder tissue locations and heat storage. The model uses the Pennes' 
(1948) bioheat equation of heat transfer occurring in the living tissue, equation 
(6.1): 
(
a2T co aT] ) aT k --2 +-- +q", + P b/ Wb/ Cp,b/ (Tb/II - T = P tsCp ,lS-ar r ar at (6.1) 
where k [W mol K-I] is tissue conductance; T [OC] tissue temperature; r Em] 
radius; (j.J geometry factor: a>=1 for polar co-ordinates, CU=2 for spherical co-
ordinates; qm [W m-3] metabolism; Pbl [kg m-3] density of blood; Wbl [m3 S-l m-3] 
blood perfusion rate; Cp,bl [J kg-I K-l] heat capacitance of blood; Tbla rOC] arterial 
blood temperature; Pts [kg m-3] tissue density; Cp,ts [J kg-l K-l] tissue heat 
capacitance; and t [8] time. 
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In the passive system model provisions were made to enable detailed 
predictions of environmental heat losses by taking into account the 
inhomogeneous distribution of skin temperature, thermoregulatory responses, 
environmental conditions, as well as the thermal and evaporative properties of 
clothing over the body. Also lateral asymmetries, e.g. due to direct solar 
radiation, can be considered because body elements were subdivided thermally 
into spatial sectors, i.e. anterior, posterior, exterior and inferior sectors (see 
Figure 6.1, upper leg section A-A'). 
For each sector of the passive system heat balances were established as 
boundary conditions at the body surface. The net heat loss, qsk [Wm-2], of a skin 
sector exposed to ambient air, is equivalent to the sum of individual 
components of the environmental heat loss: 
(6.2) 
where qc [W m-2] is the heat exchange by convection with the air, qr [Wm-2] the 
thermal radiation exchange with surrounding surfaces, qsR [Wm-2] the 
absorption of direct and diffuse solar irradiation, and qe [Wm-2] the latent heat 
loss from the skin due to moisture evaporation. The calculation of qc and qe is 
detailed in Fiala et al. (1999). 
The original IESD-Fiala model was enhanced for purposes of this research to 
enable detailed predictions of the long-wave and short-wave radiative heat 
exchange. The long-wave radiation between the body sector, i, and surrounding 
surfaces can be calculated as equation (6.3). 
where 
n 
q r.i = U I &b.;&,r.lPb.;-sr.lTb~; - Ts~.}) 
)=1 
a = Stefan-Bolzmann constant = 5.67 x 10-8, 
eb = the emissivity of the body sector, 
esr = the emissivity of the surrounding surface, 
Chapter 6: Predicting human thermal responses to asymmetriC radiation 
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cpb-sr = view factor of the body sector with respect to the 
surrounding surface, [-] 
Tb = absolute temperature of body sector, [K] 
Tsr = absolute temperature of body sector, [K] 
I = the running number indicated body sector from 1 to 59, [-] 
j = the running number indicated surrounding surface 
from 1 to n. [-] 
In case of short-wave radiation, the radiative heat transfer (direct and diffuse 
irradiation) at the body sector, i, can be expressed to apply for the humanoid of 
59 body parts as shown in equation (6.4). 
where ab,i = short wave absorptivity of (naked or clothed) the body 
sector i, [-] 
!p,dir,i andfi"dif,i 
Sdir and Sdi/ 
= direct and diffuse projected area factor of body sector i, [-] 
= direct and diffuse short wave radiation. [Wm-2] 
The radiative heat exchange in asymmetric environments of above equations (qr 
and qsR) are described in section 6.3. 
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6.2.2 Active System 
The active system of the IESD-Fiala model simulates responses of the human 
thermoregulatory system, i.e. suppression (vasoconstriction) and elevation 
(vasodilatation) of the skin blood flow, sweat moisture excretion and changes in 
the metabolic heat production by shivering thermogenesis. The individual 
thermoregulatory responses were modelled by means of statistical regression 
using measured data obtained from various physiological experiments covering 
steady state and transient cold stress, cold, moderate, warm and hot stress 
conditions, and activity levels of up to heavy exercise. The development and 
validation of IESD-Fiala active system model is described in detailed in Fiala et 
al. (2001). A block diagram of the active system model is shown in Figure 6.2. 
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i I 
Central Nervous System Regulation 
I I 
Q10·effect Thy Regulator .... A t--of 
52 
+ -+ Shivering I- of Muscle sweating & - -+- Blood Flow skin bl. flow 
Thv,o 
~f\' 
--+- Con t ri ction 
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Figure 6.2 Block diagram of the active system, Fiala et al. (2001). The central 
nervous system thermoregulation (eNS) accounts for overall changes in 
muscle metabolism via shivering (and the corresponding changes in muscle 
bloodflow), skin bloodflow via dilatation and constriction, and skin moisture 
extraction via sweating. The model uses temperatures of the skin (TsJJ and of 
the head core (hypothalamus, Thy) as well as the 1'ate of change of skin 
temperature (dTsk,i jdt) as input signals into the regulatory centre. The local 
autonomic regulation utilises local skin and tissue temperatures, Tsk,i and Ti, to 
modify local sweat rates, bloodflows, and tissue metabolic rates. 
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The IESD-Fiala model predicts perceptual responses from the physiological 
. states of the human body, Fiala et al. (2003). Extensive comfort experiments 
involving over 2000 male and female subjects, and covering a wide range of 
static and transient environmental temperatures, relative humidities, and 
activity levels were used to derive the Dynamic Thermal Sensation (DTS) model 
(using the seven-point ASHRAE scale) running from -3 for cold to +3 for hot). 
The comfort model was also validated against experimental data and showed 
good general agreement with measured thermal sensation votes obtained for a 
wide range of boundary conditions, Fiala et al. (2003). 
6.3 Simulating human thermal responses to asymmetric 
radiation 
The aim of these simulations was to achieve proper characterisation of subjects' 
thermophysiological behaviours in experimental tests, i.e. mean skin 
temperatures, local skin temperatures, rectal temperatures, sweat rates, etc. 
Thus, each exposure was simulated by detailed modelling of the experimental 
boundary conditions and of the exposed subjects. Particular attention was paid 
to detailed modelling of radiation heat exchange between the subjects and the 
asymmetric enclosures which involved predicting human projected area factors 
and view factors for individual body parts and surfaces of the surroundings. 
The following experiments on local thermal responses found in the literature 
were used: warm/hot ceiling series conducted by Fanger et al. (1980), cool 
ceiling series of Fanger et al. (1985), warm and cool wall series of Fanger et al. 
(1985). Other available experiments, i.e. human responses to extreme 
asymmetric radiation conditions conducted by Hall and Klemm (1967 and 
1969), and experiments investigating human responses to simulated solar 
radiation conducted by Hodder (2002) were simulated to validate the model for 
non-moderate global environment conditions. 
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6.3.1 Warmfhot ceiling 
6.3.1.1 EXperiments 
Fanger et al. (1980) measured physiological responses of sedentary subjects 
exposed to a warm/hot ceiling panel at six different radiant temperature 
asymmetries. The experiments were conducted in a chamber with a dimension 
of 4.7 x 6.0 x 2.4m. Sixteen subjects (8 males and 8 females) were seated in a 
chair (with the seat and back composed of plastics strips) exposed to the centre 
of a warm/hot ceiling placed at a height of 2 m above the floor. The dimensions 
of the warm/hot ceiling were 2.20 x 2.20 and 2.00 m (Figure 6.3). The authors 
estimated the view factor between the subject and the warm/hot ceiling as 0.11. 
The subjects were clad in the standard KSU-uniform consisting of underwear, 
long trousers, long sleeve shirt and socks in which the overall clo-values of this 
ensemble was 0.6 cIo. 
1.70m O.80m 
w.nnIho! com,. (2.20' 2.20mi 
2.0m Figure 6.3 Experimental set 
up for the warm/hot ceiling 
exposure, Fanger et al. (1980). 
At the start of the experiment the air temperature was set at 25°C which was 
estimated to be the temperature which most likely would keep a seated person 
clothed at 0.6 clo thermally neutral, Fanger et al. (1980). During the first hour 
the ceiling was unheated. In the following five half-hour periods the subjects 
were exposed to five different ceiling temperatures as listed in Table 6.1. When 
the ceiling temperature was increased, the air temperature in the chamber was 
lowered accordingly to provide a constant operative temperature, calculated to 
maintain thermal neutrality for the subject. The air velocity was less than 0.1 
ms- t and the relative humidity was approximately at 50%. 
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Table 6.1 Temperatures of the warm/hot ceiling and surrounding temperatures 
used in the experimental trials of Fanger et al. (1980). 
Ceiling Operative Radiant Time MRT Ta temp. 
[min] temp. [OC] [OC] temp. asymmetry [OC] [OC] 
IOC] 
0-60 24.1 24.1 24.1 ± l.6 24.1 0 
60-90 34.0 25.2 24.0 ± l.5 24.6 4.5 
90-120 43.0 25.7 23.0 ± l.7 24.3 9.2 
l20-150 52.0 26.4 22.3 ± 1.3 24.3 14.1 
150-180 63.0 27.2 21.4 ± 1.1 24.2 20.4 
180-210 69.0 27.5 20.6 ± 1.5 24.0 23.6 
Every 30 minutes, rectal temperatures, local skin temperatures of the subjects 
were measured at different positions across the body (Figure 6.4). Other 
physiological measurements included. 
6.3.1.2 Simulations 
Figure 6.4 Position of skin temperature 
measurements on the subjects, Fanger et 
al. (1980). 
In the simulation the environmental conditions were chosen to match the 
experimental set-up (Table 6.1). The temperature of surrounding surfaces (front 
wall, back wall, side wall and floor) were calculated from the experimental mean 
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~adiant temperature and the ceiling temperature using the whole body view 
factor determined by Fanger. A typical uniform emissivity of 0.95 was assumed 
for wall surfaces and for the ceiling. The simulations were performed for time 
steps of ~t=5min with a constant air velocity 0.09 ms-1 and a constant relative 
humidity of 50%. Figure 6.5 presents the environmental temperatures used in 
the simulation of the warm/hot ceiling series. 
, 
I 
30 60 90 120 150 180 210 
Time [min] 
-1:.- Ceiling 0 Remaining surfaces - Ta 
Figure 6.S Environmental temperatures used in the simulation. 
In the simulations the subject was assumed to be quietly seated corresponding 
to an activity level of 1.0 met. Local view factors were calculated for the scenario 
outlined in Figure 6.3 for each of the 59 body parts of the IESD· Fiala model. 
The view factors were predicted with respect to the warm/hot ceiling and the 
rest of the surrounding surfaces using the numerical procedure described in 
Chapter 5. An integration of the local quantities revealed a whole body view 
factor for the ceiling of 0.11 which was also the experimental value. The 
predicted local view factors indicated that the head and the shoulders were the 
most exposed body parts in the scenario. The results are listed in Table 6.2. 
Chapter 6: Predicting human thermal responses to asymmetric radiation 114 
Table 6.2 Local view factors between individual body sectors and (i) warm/hot 
ceiling and (ii) the rest of the chamber. 
Warm/ Rest of Warm/ Rest of Body parts hot chamber Body parts hot chamber ceiling ceiling 
Forehead 0.256 0.723 L. Leg: Up. Inferior 0.070 0.494 
Head 0.346 0.618 L. Leg: Up. Exterior 0.068 0.708 
Face: Anterior 0.167 0.657 L. Leg: Lo. Anterior 0.074 0.926 
L. Face 0.216 0.668 L. Leg: Lo. Posterior 0.038 0.671 
R. Face 0.216 0.669 L. Leg: Lo. Inferior 0.040 0.701 
Neck: Anterior 0.141 0.626 L. Leg: Lo. Exterior 0.070 0.854 
Neck: Posterior 0.248 0.695 L. Foot: Instep 0.108 0.778 
Neck: L. Exterior 0.253 0.578 L. Foot: Sole 0.000 0.897 
Neck: R. Exterior 0.253 0.581 R. Shoulder 0.318 0.568 
L. Shoulder 0.318 0.567 R. Arm: Up. Anterior 0.075 0.389 
Thorax: Anterior 0.208 0.705 R. Arm: Up. Posterior 0.161 0.839 
Thorax: Posterior 0.150 0.839 R. Arm: Up. Inferior 0.045 0.561 
Thorax: L. Inferior 0.038 0.418 R. Arm: Up. Exterior 0.204 0.750 
Thorax: R. Inferior 0.038 0.426 R. Arm: Lo. Anterior 0.072 0.353 
Abdomen: Anterior 0.095 0.395 R. Arm: Lo. Posterior 0.062 0.938 
Abdomen: Posterior 0.095 0.905 R. Arm: Lo. Inferior 0.023 0.590 
Abdomen: L. Inferior 0.067 0.601 R. Arm: Lo' Exterior 0.163 0.701 
Abdomen: R. Inferior 0.067 0.600 R. Hand: Handback 0.147 0.565 
L. Arm: Up. Anterior 0.075 0.400 R. Hand: Palm 0.023 0.236 
L. Arm: Up. Posterior 0.161 0.839 R. Leg: Up. Anterior 0.106 0.322 
L. Arm: Up. Inferior 0.045 0.552 R. Leg: Up. Posterior 0.000 0.936 
L. Arm: Up. Exterior 0.204 0.750 R. Leg: Up. Inferior 0.070 0.493 
L. Arm: Lo. Anterior 0.072 0.353 R. Leg: Up. Exterior 0.068 0.708 
L. Arm: Lo. Posterior 0.062 0.938 R. Leg: Lo. Anterior 0.074 0.926 
L. Arm: Lo. Inferior 0.023 0.592 R. Leg: Lo. Posterior 0.038 0.669 
L. Arm: Lo. Exterior 0.163 0.704 R. Leg: Lo. Inferior 0.040 0.697 
L. Hand: Handback 0.147 0.567 R. Leg: Lo. Exterior 0.070 0.857 
L. Hand: Palm 0.023 0.231 R. Foot: Instep 0.108 0.776 
L. Leg: Up. Anterior 0.106 0.325 R. Foot: Sole 0.000 0.895 
L. Leg: Up. Posterior 0.000 0.946 Whole Body 0.109 0.674 
The clothing ensemble was simulated to reproduce the KSU-uniform worn by 
the subject in the experiment. The overall simulated clo value of the ensemble 
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resulted in 0.6 clo. The local thermal and evaporative resistances of individual 
items used in the simulation are listed in Appendix D (Table D.l). 
6.3.1.3 Results 
Predicted body and skin temperatures obtained for the war~/hot ceiling 
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Figure 6.6 Predicted rectal, mean skin and local skin temperatures of some 
exposed body parts obtained for the warm/hot ceiling experiments of Fanger et 
al. (1980). 
The simulation indicated rising skin temperature of exposed body parts (e.g. 
head and forehead) to the warm/hot ceiling while the opposite behaviour was 
predicted for skin temperatures of non-exposed body parts such as feet and legs. 
The mean skin and the rectal temperature, however, remained fairly constant 
for the whole duration of the exposure. 
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The predictions (local skin temperatures, mean skin temperature and rectal 
temperature) are plotted together with the corresponding measured data over 
the radiant temperature asymmetry in Figure 6.7. Also shown in Figure 6.7 are 
the air temperature and the mean radiant temperature in the chamber. Only 
those predicted local skin temperatures are plotted in Figure 6.7 which were 
available as mea ured in the experimental report, Fanger et a1. (1980). 
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Figure 6.7 Measured and predicted local kin temperatures, mean kin 
temperature and rectal temperature obtained for the warm/h t ceiling eries 
conducted by Fanger et a1. (1980). 
Solid lines represent predicted r ult and marks represent the experim ntal 
values. It can b seen that the local skin temperatures of body parts expo ed to 
the hot surfac (p terior neck and forehead) ro e with increa ing radiant 
temperature asymmetry. The opposit behaviour resulted for body parts such a 
hands, legs and feet, which wer not dir ctly xposed to the warm/hot ceiling. 
Generally, there wa very good agreement between predictions and 
experimental results for all physiological variables. Noticeable discr pancies 
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between prediction and measurement resulted for the forehead when the 
radiation level reached and exceeded 20K. This was presumably because of 
differences in body posture i.e. the position of the head. In the experiment, the 
subjects were allowed to read and therefore, presumably, the face and forehead 
were only partly exposed to radiation from the ceiling. Simulation results for all 
body parts are provided in Appendix E (Table E.l). 
6.3.2 Coolf cold ceiling 
Fanger et a1. (1985) extended their asymmetric radiation experiments to 
conditions in which the subjects were exposed to a cool/ cold ceiling. 
6.3.2.1 Experiment 
The experiments were conducted in the same chamber as described in section 
6.3.1.1. In the chamber, the supply air was uniformly distributed over the 
perforated floor. The subjects were seated and worn the KSU standard uniform 
(with light open sandal) as in the above described experiment. 
The seated subjects (8 males and 8 females) were exposed to the centre of a 
cool/cold 'ceiling' which geometry is shown in Figure 6.8. The ceiling consisted 
of three panels: front and back panels (each 0.9 x 2.om) and an overhead panel 
(1.6 x 2.om). The authors estimated the view factor between the test person and 
the ceiling to be 0.20. 
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Figure 6.8 Experimental set up of 
the cool! cold ceiling series, Fanger et 
ale (1985). 
During the first hour the ceiling was maintained equal to the air temperature 
(24°C). In the following five half-hour periods the subjects were exposed to five 
different ceiling temperatures. This was done by changing the temperature of 
the panel in steps as shown in Table 6.3. At the same time the air temperature 
was changed to maintain the operative temperature about 23°C through the 
experiment. The vapour pressure was kept constant at 1 kPa during the 
experiment. 




Time MRT Ta Va temp. 
[min] temp. rOC] rOC] [ms-I ] 
Temp. asymmetry rOC] rOC] [OC] 
0-60 22.7 ± l.9 22.7 22.7 ± 1.9 0.07 22.7 0 
60-90 16.0± 2.3 19.9 24.1 ± 2.3 0.12 22.0 4.4 
90-120 12.1± 2.6 19.0 25.8 ± 2.6 0.12 22.4 7.5 
120-150 7.9± 2.2 18.6 27.2 ± 2.2 0.14 22.9 10.5 
150·180 3.9 ± l.5 18.1 28.7 ± l.6 .0.18 23.4 13.0 
180·210 0.8± 0.3 17.5 29.7 ± 1.9 0.20 23.6 15.0 
The subjects were measured their local skin temperatures (Figure 6.4) every 30 
minutes. 
Chapter 6: Predicting human thermal responses to asymmetric radiation 119 
6.3.2.2 Simulations 
The simulations of the cool! cold ceiling series were carried out for the 
experimental conditions listed in Table 6.3 using time steps of At=smin. The 
resultant environmental conditions used in the simulation are plotted in Figure 
6.9. The personal conditions i.e. clothing and activity level were the same as 
used in the simulation of the hot ceiling experiment, section 6.3.1. 
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Figure 6.9 Environmental temperatures and relative humidity used in the 
simulation of the cool! cold ceiling series. 
The predicted view factor between the whole body and the cool ceiling was 0.21 
which again agreed well with the experimental value. The predicted local view 
factors between individual body parts and the cool ceiling are listed in Table 6.4. 
For this geometrical configuration the shoulders, head, posterior neck and the 
forehead were the most exposed body parts. 
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Table 6.4 Local view factors between the sedentary subject and (i) the 
cool/cold ceiling and (ii) the rest of the chamber. 
Cool! Rest of Cool! Rest of Body parts cold chamber Body parts cold chamber ceiling ceiling 
Forehead 0.555 0.424 L. Leg: Up. Inferior 0.109 0.454 
Head 0.603 0.361 L. Leg: Up. Exterior 0.095 0.681 
Face: Anterior 0.360 0.464 L. Leg: Lo. Anterior 0.097 0.903 
L. Face 0.327 0.557 L. Leg: Lo. Posterior 0.049 0.661 
R. Face 0.327 0.557 L. Leg: Lo. Inferior 0.064 0.677 
Neck: Anterior 0.335 0.432 L. Leg: Lo. Exterior 0.085 0.839 
Neck:. Posterior 0.597 0.346 L. Foot: Instep 0.134 0.752 
Neck: L. Exterior 0.404 0.426 L. Foot: Sole 0.001 0.896 
Neck: R. Exterior 0.404 0.426 R. Shoulder 0.673 0.212 
L. Shoulder 0.673 0.212 R. Arm: Up. Anterior 0.160 0.315 
Thorax: Anterior 0.429 0.484 R. Arm: Up. Posterior 0.368 0.632 
Thorax: Posterior 0.421 0.568 R. Arm: Up. Inferior 0.132 0.464 
Thorax: L. Inferior 0.092 0.363 R. Arm: Up. Exterior 0.366 0.588 
Thorax: R. Inferior 0.092 0.363 R. Arm: Lo. Anterior 0.158 0.267 
Abdomen: Anterior 0.211 0.279 R. Arm: Lo. Posterior 0.103 0.897 
Abdomen: Posterior 0.207 0.793 R. Arm: Lo. Inferior 0.067 0.548 
Abdomen: L. Inferior 0.120 0.549 R. Arm: Lo. Exterior 0.336 0.531 
Abdomen: R. Inferior 0.120 0.549 R. Hand: Handback 0.290 0.424 
L. Arm: Up. Anterior 0.160 0.315 R. Hand: Palm 0.032 0.222 
L. Arm: Up. Posterior 0.368 0.632 R. Leg: Up. Anterior 0.200 0.231 
L. Arm: Up. Inferior 0.132 0.464 R. Leg: Up. Posterior 0.000 0.945 
L. Arm: Up. Exterior 0.366 0.588 R. Leg: Up. Inferior 0.109 0.454 
L. Arm: Lo. Anterior 0.158 0.267 R. Leg: Up. Exterior 0.095 0.681 
L. Arm: Lo. Posterior 0.103 0.897 R. Leg: Lo. Anterior 0.097 0.903 
L. Arm: Lo. Inferior 0.067 0.548 R. Leg: Lo. Posterior 0.049 0.661 
L. Arm: Lo. Exterior 0.336 0.531 R. Leg: Lo. Inferior 0.064 0.677 
L. Hand: Handback 0.290 0.424 R. Leg: Lo. Exterior 0.085 0.839 
L. Hand: Palm 0.032 0.222 R. Foot: Instep 0.134 0.752 
L. Leg: Up. Anterior 0.200 0.231 R. Foot: Sole 0.001 0.896 
L. Leg: Up. Posterior 0.000 0.945 Whole body 0.210 0.572 
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6.3.2.3 Results 
Predictions of some physiological parameters resulting for the cool! cold ceiling 
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Figure 6.10 Predicted rectal, mean skin and local skin temperatures of some 
exposed and non-exposed. 
For this type of exposure the extended model predicted most local skin 
temperatures to decrease slightly with time, for example, head, forehead, upper 
anterior right arm, handbacks and insteps. The skin temperature of the upper 
anterior legs initially fell from 34.7°C to 32.SoC before it started to rise slightly 
after 90 minutes of the exposure. During the exposure the rectal temperature 
was quite constant while the mean skin temperature decreased by about 2.5°C 
for t<90 min but rose moderately thereafter. 
The simulation results are plotted together with the corresponding measured 
data over the radiant temperature asymmetry in Figure 6.11. The air 
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temperature and the mean radiant temperature In the chamber are also 
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Figure 6.11 Measured and predicted local ldn temperature, the mean kin 
temperature and rectal temperatur btained f r the coollc ld ceiling 
experiment of Fanger et a1. (1985). 
Generally, there were no ignificant difference between predicti n (olid lin ) 
and experimental re ults (data points). can be een, the pr dieted kin 
temperatures of forehead, posterior neck, upper exterior right arm and mean 
skin temperature w re in good agreement with the experiments, i.e. an average 
within o.8°C. An exception formed the in tep of the right foot, the upper 
anterior right leg and left handback where the pr dicti n deviated from 
measurements by about 1.4°C at the end of th expo ur , i.e. at a radiant 
temperature a ymmetry of lSoCo A po sible explanation e uld be the fact that 
the imulation was perform d using a fixed po ture whereas in the experiments 
the subjects might ha e moved their extr mitie, .g. becau e of perceiving 
locally cold discomfort. Th skin temperature predicted for all body ectors are 
provided in Appendix E (TabLe E.2). 
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6.3.3 Warm/hot wall 
Fanger et al. (1985) also investigated physiological responses of sedentary 
subjects exposed, to their left, to a warm/hot wall. 
6.3.3.1 Experiment 
The experiments were under taken in the same chamber and the subjects were 
wearing the same clothing (KSU-standard uniform with open sandal) as in the 
experiments described above. Sixteen persons (eight males/females) were 
involved. The subjects were seated exposed on their left to the centre of the 
warm wall (Figure 6.12) with a distance of o.sm from the body to the wall. The 
dimensions of the wall were 2.0 x 106m and the view factor between the subjects 
and the wall was estimated to be 0.25. In the experiment, the temperatures of 
the remaining walls, the floor and the ceiling were close to the air temperature 
in the room. The air velocity was maintained under 0.1 ms-] and the vapour 
pressure was kept constant at 1 kPa. 






Figure 6.12 Experimental set up for 
warm/hot wall experiment, Fanger et al. 
(1985). 
Similarly to the previous experiments, during the first hour the wall was 
unheated. In the following five half-hour periods the temperatures of heated 
wall was increased in steps from about 23°C to 70°C (Table 6.5). 
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Table 6.5 Experimental setting of the warm/hot wall experiment of Fanger et 
a1. (1985). 
Warm/hot Operative Radiant Time MRT Ta temp. 
[min] wall temp. [DC] [DC] temp. asymmetry [OC] [0C] roC] 
0-60 23.2 ± 2.0 23.2 23.1 ± 2.0 23.4 -0.2 
60-90 32.6 ± 2.0 25.3 21.9 ± 1.9 23.6 6.6 
90-120 42.0 ± 1.9 26.5 20.7 ± 1.9 23.6 13.3 
120-150 51.6 ± 1.6 27.5 19.3 ± 1.6 23.4 20.7 
150-180 61.1 ± 1.8 29.3 17.9 ± 1.8 23.6 28.0 
180-210 70.1 ± 3.3 30.5 16.7± 1.8 23.6 35.1 
The local skin temperatures (Figure 6-4) were recorded every five minutes. 
6.3.3.2 Simulations 
The environmental conditions used in the simulations are plotted in Figure 6.13. 
The simulations were run with time steps of ~t=5min and assuming (as in other 
simulations) a typical emissivity of indoor surfaces of 0.95. 
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Figure 6.13 Environmental conditions in the simulation of the warm wall. 
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The predicted overall view factor between the subject and the heated wall panel 
resulted in lPl2 = 0.26. The radiation calculations were performed using local 
view factors between body parts and the warm/hot panel and the rest of the 
chamber as listed in Table 6.6. For this geometrical configuration, e.g. the left 
face, exterior left neck, upper exterior left arm, lower posterior left arm, upper 
exterior left leg and lower exterior left leg were the most exposed body parts. 
The subject was simulated as being seated (1.0 met) and wearing the KSU-
uniform (Appendix D, Table D.l). 
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Table 6.6 local view factors between the sedentary subject and (i) the 
warm/hot wall and (ii) the rest of the chamber. 
Warm Rest of Warm Rest of Body parts /hot chamber Body parts /hot chamber wall wall 
Forehead 0.219 0.760 L. Leg: Up. Inferior 0.000 0.563 
Head 0.184 0.780 L. Leg: Up. Exterior 0.589 0.186 
Face: Anterior 0.239 0.585 L. Leg: 10. Anterior 0.169 0.831 
L. Face 0.688 0.196 L. Leg: Lo. Posterior 0.222 0.488 
R. Face 0.000 0.885 L. Leg: Lo. Inferior 0.000 0.741 
Neck: Anterior 0.201 0.566 L. Leg: Lo. Exterior 0.562 0.362 
Neck: Posterior 0.172 0.770 L. Foot: Instep 0.245 0.641 
Neck: L. Exterior 0.535 0.295 L. Foot: Sole 0.011 0.886 
Neck: R. Exterior 0.000 0.833 R. Shoulder 0.035 0.851 
L. Shoulder 0.235 0.650 R. Arm: Up. Anterior 0.067 0.397 
Thorax: Anterior 0.245 0.667 R. Arm: Up. Posterior 0.056 0.944 
Thorax: Posterior 0.216 0.773 R. Arm: Up. Inferior 0.254 0.352 
Thorax: L. Inferior 0.263 0.192 R. Arm: Up. Exterior 0.001 0.952 
Thorax: R. Inferior 0.007 0.457 R. Arm: 10. Anterior 0.260 0.166 
Abdomen: Anterior 0.114 0.376 R. Arm: Lo. Posterior 0.000 1.000 
Abdomen: Posterior 0.269 0.731 R. Arm: 10. Inferior 0.106 0.507 
Abdomen: L. Inferior 0.471 0.198 R. Arm: 10. Exterior 0.033 0.831 
Abdomen: R. Inferior 0.000 0.667 R. Hand: Handback 0.086 0.625 
L. Arm: Up. Anterior 0.193 0.282 R. Hand: Palm 0.043 0.217 
L. Arm: Up. Posterior 0.452 0.548 R. Leg: Up. Anterior 0.161 0.268 
L. Arm:·Up. Inferior 0.043 0.553 R. Leg: Up. Posterior 0.087 0.849 
L. Arm: Up. Exterior 0.604 0.349 R. Leg: Up. Inferior 0.295 0.268 
L. Arm: 10. Anterior 0.003 0.423 R. Leg: Up. Exterior 0.000 0.776 
L. Arm: 10. Posterior 0.721 0.279 R. Leg: 10. Anterior 0.241 0.759 
L. Arm: Lo. Inferior 0.110 0.504 R. Leg: Lo. Posterior 0.198 0.509 
L. Arm: Lo. Exterior 0.399 0.467 R. Leg: 10. Inferior 0.395 0.342 
L. Hand: Handback 0.263 0.451 R. Leg: Lo. Exterior 0.000 0.927 
L. Hand: Palm 0.141 0.113 R. Foot: Instep 0.205 0.679 
L. Leg: Up. Anterior 0.040 0.391 R. Foot: Sole 0.004 0.892 
L. Leg: Up. Posterior 0.225 0.721 Whole body 0.254 0.528 
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6.3.3.3 Results 
Predictions of some physiological parameters resulting for the warm/hot wall 
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Figure 6.14 Predicted rectal, mean skin and local skin temperatures of some 
exposed and non-exposed body parts. 
For the warm/hot wall exposure the predicted local skin temperature of those 
body parts that were exposed to the heated panel rose significantly with time, 
e.g. left face, upper exterior left leg, upper exterior left arm and lower exterior 
left arm. The highest local skin temperature of 37.2oC was predicted for the left 
exterior part of the face. On the other hand the skin temperatures of the right 
face, upper exterior right leg, upper exterior right arm and lower exterior right 
arm were predicted to fall with time. The mean skin and the rectal temperature, 
however, remained fairly constant until the end of the experiment indicating 
thermoneutral overall conditions. 
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The predicted and measured body temperatures (local skin temperatures, mean 
skin temperature and rectal temperature) are plotted over the horizontal radiant 
temperature asymmetry in Figure 6.15. 
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Figure 6.15 The predicted and mea ured (Fanger et a1. 1985) kin 
temperatures and rectal temperature f ubjects expo ed patially to a 
warm/hot wall panel. 
The prediction (olid lines) showed good agreement with experim ntal re ult 
(data points) for kin temperatures of the upper exteri r left arm, po teri r 
thorax, upper xterior right arm, upper and lower anteri r right leg, upper 
exterior right arm and the mean skin temperature. The average di crepancy wa 
about 0.6°C. An exception fonn d the pr dicted kin t mperature of the in tep 
of the right foot which was about 1.8°e higher than the mea ured value. The 
predicted and mea ur d rectal and mean kin temperature wer constant for 
all radiant temperature asymmetrie . The average discrepancies ranged at about 
O.I°e and o.Soe for th mean kin and the rectal temperature, re pectively. 
Further simulation results are provided in Appendix E (Table E.3). 
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6.3.4 Cool/cold wall 
. Fanger et ale (1985) also investigated physiological responses of sedentary 
subjects exposed to theirs left to a cool/ cold vertical panel. 
6.3.4.1 Experiment 
In these experimental series participated thirty two persons (16 males and 16 
females). The geometrical configuration (see Figure 6.12), experimental design 
and the clothing of the test persons were identical with the warm/hot wall 
series, section 6.3.3. The surface temperature of the panel was however lowered 
in steps from 24°C down to 0.4°C (Table 6.7). The air velocity and the relative 
humidity were kept constant at <0.1 ms-1 and 1 kPa, respectively. 
Table 6.7 Environmental temperatures in the cool/cold wall experiment of 
Fanger et al. (1985). 
Cool/cold Operative 
Radiant 
Time MRT Ta temp. 
[min] wall temp. [OC] [OC] temp. asymmetry [OC] [OC] [OC] 
0-60 24.1 ± 1.5 24.1 24.3 ± 1.5 24.2 0.4 
61-90 17.8 ± 1.5 23.7 25.9 ± 1.5 24.8 5.3 
91-120 13.3 ± 1.5 22.9 27.1 ± 1.5 25.0 8.6 
121-150 8.7 ± 1.5 22.3 28.1 ± 1.5 25.2 12.8 
151-180 4.1 ± 1.7 21.4 29.0 ± 1.7 25.2 16.6 
181-210 0.4± 0.5 21.4 29.6 ± 1.8 25.5 18.2 
Local skin temperatures of the subjects were measured every 30 minutes across 
the body (Figure 6.4). 
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6.3.4.2 Simulations 
The simulations were run for the environmental conditions provided in Figure 
6.16 with ~t=5min. The radiation calculations were performed using local view 
factors listed in Table 6.6 and an emissivity of the surrounding surfaces which 
was assumed to be 0.95. 
35.0 .-------------------r-
30.0 . /\J\I\N\J\M/IMfs 
I /\MMA- .. 
0'_ 25.0 ""rlz~~~~oooo.OOCCOCXJI 
~ I f 
! 


















0.0 ~-+-.L.._4___'__!--I-~_+_L_j...~--'-~1+Dcq::J:rl 0.0 
o 20 40 60 80 100120 140 160 180200 
Time [min] 





Figure 6.16 Environmental conditions used in the simulations of the cool/cold 
wall experiment (Fanger et al., 1985). 
Similarly to the previous simulations, the subject was simulated as being seated 
(1.0 met) and wearing the KSU-uniform (Appendix D, Table D.l). 
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6.3.4.3 Results 
Predicted local skin temperatures of selected body parts are plotted in Figure 
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Figure 6.17 Predicted rectal, mean skin and some local skin temperatures 
obtained for the cool/cold wall exposure (Fanger et al. 1985). 
The skin temperature of body parts exposed to the chilled panel (Le. left face, 
upper exterior left leg, upper exterior left arm and lower exterior left arm) 
slightly fell with time. Because the subjects were exposed to temporal increasing 
air temperatures the skin temperature of most body parts rose with time (in 
Figure 6.17, e.g. right face, upper exterior right leg, upper exterior right arm and 
lower exterior right arm). Nevertheless the mean skin and the rectal 
temperature were maintained at constant levels. 
The predicted rectal, mean skin and local skin temperatures are compared with 
available measured data as a function of the radiant temperature asymmetry in 
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Figure 6.18. Also plotted in Figure 6.18 are the air temperature and the mean 
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Figure 6.18 Comparison of predicted r eta} and skin temp rature obtained 
for the cool/cold wall experiment of Fanger et a1. (1985). 
Generally, there were no ignificant difference between pr diction (olid lines) 
and experimental results (data poin ) for rectal and skin temperature. Th 
greatest discrepancy between prediction and experiment re ulted for the left 
lower posterior leg at a radiant temperature a ymmetry f 18.20 C yielding 
o.8°C. Further simulation results ar provided in Appendix E (Table E.4). 
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6.3.5 Extreme asymmetric radiation conditions 
Two series of experiments were conducted by Hall and Klemm (1967 and 1969) 
who studied human physiological responses to extreme asymmetric radiation 
conditions such as those that might occur in space shuttles. 
6.3.5.1 Transient experiment 
Experiment 
In this experiment (Hall and Klemm, 1967) six subjects wearing one piece of 
underwear i.e. shorts (overall IcJ-value of 0.3 cIo) were laid down and exposed 
supine, then prone, on a net support placed so that the subjects' body midline 
was parallel and within a horizontal plane dividing the chamber into an upper 
and a lower section. In two separate sessions the upper chamber half was 
maintained at 82.2 and 93.3°C while the lower half was kept commonly at -
6.7°C. Air temperatures in the chamber varied from -6.7 to 82 and 93°C, . 
respectively, with a range of 15-30°C in the close proximity of the subjects. The 
subjects were exposed first supine for 30 minutes and then prone for 45 minutes 
while lying on the net support. Rectal temperature and 17 skin temperature 
(forehead, neck, scapula, kidney, nipple, abdomen, rump, upper right arm, 
lower left arm, right and left hand, upper right anterior leg, upper left posterior 
leg, lower right posterior leg, lower left anterior leg, right and left foot) were 
measured across the body of the subjects every five minutes. The measured 
mean skin temperature were determined from the 17 local skin temperatures 
and weighted on a surface area basis. The air velocity and the water vapour 
pressure in the chamber were constant at 0.08 ms-1 and 0.3-0.4 kPa, 
respectively. 
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6.3.5.1.2 Simulations 
This transient exposure was simulated by exposing the anterior and posterior 
body parts to the hot and cold half of the chamber, respectively, for the initial 
30minutes. The environmental conditions were then 'swapped' to simulate the 
'turning around' the subjects in the experiment. The environmental conditions 
used in the simulation are provided in Table 6.S. The simulations were 
performed for time steps, ~t=5min. 
Table 6.8 Environmental conditions used in the simulation of the transient 
exposure experiment of Hall and Klemm (1967). 
Anterior body parts Posterior body parts 
Serie Time Va 
sno. [min] Surf. 
Ta RH Surf. Ta RH 
[ms-1] 
temp. [OC] [%] temp. [OC] [%] [OC] 1°C) 
0-30 93.0 31.0 7.4 -6.7 17.0 17.2 0.08 
1 
30-75 -6.7 17.0 17.2 93.0 31.0 7.4 0.08 
0-30 82.0 25.0 10.5 -6.7 14.0 20.9 0.08 
2 
30-75 -6.7 14.0 20.9 82.0 25.0 10.5 0.08 
The human local view factors for each of the 59 body parts of the subject with 
respect to the upper half and lower half of the chamber are listed in Table 6.9. 
The emissivity of the chamber was assumed to be 0.95. The clothing file with 
local clothing characteristics used in the simulations is provided in Appendix D 
(Table D.2). 
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Table 6.9 local view factors between the subject and the lower and upper 
section of the climate chamber used in Hall and Klemm (1967) experiment. 
Body parts U. half L. half Body parts U. half L. half chambeI chamber chamber chamber 
Forehead 0.953 0.033 L. Leg: Up. Inferior 0.320 0.149 
Head 0.257 0.708 L. Leg: Up. Exterior 0.282 0.597 
Face: Anterior 0.769 0.073 L. Leg: 10. Anterior 0.920 0.008 
L. Face 0.507 0.384 L. Leg: 10. Posterior 0.014 0.925 
R. Face 0.507 0.384 L. Leg: 10. Inferior 0.443 0.283 
Neck: Anterior 0.775 0.004 L. Leg: 10. Exterior 0.415 . 0.565 
Neck: Posterior 0.005 0.938 L. Foot: Instep 0.369 0.491 
Neck: L. Exterior 0.425 0.432 L. Foot: Sole 0.568 0.328 
Neck: R. Exterior 0.425 0.432 R. Shoulder 0.291 0.614 
L. Shoulder 0.291 0.614 R. Arm: Up. Anterior 0.735 0.019 
Thorax: Anterior 0.904 0.027 R. Arm: Up. Posterior 0.022 0.905 
Thorax: Posterior 0.002 0.957 R. Arm: Up. Inferior 0.101 0.235 
Thorax: L. Inferior 0.186 0.254 R. Arm: Up. Exterior 0.405 0.577 
Thorax: R. Inferior 0.186 0.254 R. Arm: 10. Anterior 0.877 0.000 
Abdomen: Anterior 0.892 0.001 R. Arm: 10. Posterior 0.042 0.922 
Abdomen: Posterior 0.011 0.878 R. Arm: 10. Inferior 0.218 0.289 
Abdomen: L. Inferior 0.199 0.434 R. Arm: 10. Exterior 0.601 0.396 
Abdomen: R. Inferior 0.199 0.434 R. Hand: Handback 0.577 0.307 
L. Arm: Up. Anterior 0.735 0.019 R. Hand: Palm 0.226 0.154 
L. Arm: Up. Posterior 0.022 -0.905 R. Leg: Up. Anterior 0.874 0.002 
L. Arm: Up. Inferior 0.101 0.235 R. Leg: Up. Posterior 0.003 0.934 
L. Arm: Up. Exterior 0.405 0.577 R. Leg: Up. Inferior 0.320 0.149 
L. Arm: Lo. Anterior 0.877 0.000 R. Leg: Up. Exterior 0.282 0.597 
L. Arm: 10. Posterior 0.042 0.922 R. Leg: Lo. Anterior 0.920 0.008 
L. Arm: 10. Inferior 0.218 0.289 R. Leg: Lo. Posterior 0.014 0.925 
L. Arm: 10. Exterior 0.601 0.396 R. Leg: 10. Inferior 0.443 0.283 
L. Hand: Handback 0.577 0.307 R. Leg: 10. Exterior 0.415 0.565 
L. Hand: Palm 0.226 0.154 R. Foot: Instep 0.369 0.491 
L. Leg: Up. Anterior 0.874 0.002 R. Foot: Sole 0.568 0.328 
L. Leg: Up. Posterior 0.003 0.934 Whole Body 0.402 0.434 
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Results 
In the experiment, the measured local skin temperatures were used to calculate 
the average skin temperature separately for the anterior and for the posterior 
body side (rather than providing the local quantities). Accordingly, the anterior 
and posterior average skin temperatures were calculated using the predicted 
local skin temperatures. The results are presented in Figure 6.19. Also shown 















T w, ant = 82°e (2) 
T w, post = -6 .re (1) .. ~ 
T w, post = 93°e (1) 
T w, post = 82°e (2) 
T w, ant = -6.re (1) 
T w, ant = -6. re (2) T w, post = -6. re (2) 
25 +-~~_+~--~~~~_1--~~~~~~ 
o 15 30 45 60 75 
Exposure time [min] 
• Tsk,ant.1 (Tw=93,OC) 
• Tsk,ant2 (Tw=82.0C) 
o Tsk,post.1 (Tw=-6.7C) 
/j, Tsk,post.2 (Tw=-6 .7C) 
c Tre.1 (Tw=93/-6.7C) 
x Tre.2 (Tw=82/-6.7C) 
o Tsk,mean 1 (Tw=93/-6 .7C) 
• Tsk,mean 2 (Tw=82/-6.7C) 
Sim. 
Figure 6.19 Mea ured and predicted rectal, mean kin, mean anterior and 
mean posterior skin temperature of ubjec 
asymmetry conditions (Hall and Klemm, 1967). 
xpo ed to extreme radiant 
During the first 30 minute , the mea ured mean anterior skin temperatures 
rose considerably reaching about 39.SoC and 40°C at Tw=82°C and 93°C, 
respectively. The oppo ite behaviour wa observed for the average kin 
temperature of th posterior body site. It fell from its initial value of 33.SoC 
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under 30°C after 30minutes. The maximum discrepancy between experiment 
and prediction reached about 1.2°C (T w, post at 93°C) and 1.36°C (T w, post at 82°C) 
here. Rectal temperatures were constant while the mean skin temperatures 
slightly increased during the whole experiments. It can be seen from Figure 6.19 
that both quantities were predicted reasonably well, i.e. within the range of 
experimental error. 
6.3.5.2 Static experiment 
6.3.5.2.1 Experiment 
These experiments of Hall and Klemm (1969) extended the observations made 
in their previous series using for five other (static) conditions (Table 6.10). 
Each exposure lasted of 75 minutes in which the anterior parts of the subjects 
were exposed to the hot chamber section while the posterior parts were exposed 
to cold surfaces. Air movement was minimised (Va =0.08 ms-1 or less) to avoid 
convective heat transfer. The ambient vapour pressure ranged between 0.3-0.4 
kPa. 
Table 6.10 Surface temperatures used in the experiment (static experiment) of 
Hall and Klemm (1969). 
Experimental 
Surface temperature [OC] 
Ta Upper half Lower half series chamber chamber 
[OC] 
1 104 -6.7 24.0 
2 92 -6.7 17.0 
3 83 -6.7 14.0 
4 65 -11 17.0 
5 53 -11 11.0 
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6.3.5.2.2 Simulations 
The simulations were conducted for the environmental settings listed in Table 
6.11 and time steps of ~t=5 min. The radiation calculations were performed 
using local view factors listed in Table 6.9 (section 6.3.5.1.2) and a surface 
emissivity of the chamber walls of 0.95. 
Table 6.11 Environmental conditions used in the simulation of the static 
experiments. 
Upper half chamber Lower half chamber 
Series Time Surf. Ta Surf. Ta Va no. [min] Temp. [OC] Temp. [OC] 
[ms-I] 
[OC] [OC] 
1 0-75 104.0 42.0 -6.7 24.0 0.08 
2 0-75 92.0 33.0 -6.7 17.0 0.08 
3 0-75 83.0 28.0 -6.7 14.0 0.08 
4 0-75 65.0 29.0 -11.0 17.0 0.08 
5 0-75 53.0 22.0 -11.0 11.0 0.08 
The clothing ensemble used in the simulations is provided in Appendix D (Table 
D.2). 
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6.3 .5 .2.3 Results 
As in the previous experiment the mea ured m an kin temp ratur w r 
determined from 17 local skin t mperatures. A com pari on f th pr diet d 
mean skin temperature and rectal temp ratur with th c rr p nding 
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for exposure 1, i.e. Tw =104/-6.7°C. The rectal temperatures were relatively 
constant throughout exposures. An exception formed the exposure to T,,"=53/-
1l.0°C when the measured rectal temperature fell by about 36.8 K. It can be 
seen from Figure 6.20 that the predicted values (solid lines) were generally in 
good agreement with the experimental data. 
The mean anterior and posterior skin temperatures as measured and predicted 
for the five exposures are plotted in Figure 6.21. The anterior skin temperature 
was an average of the following four local value: abdomen, nipple, upper right 
anterior leg and lower right anterior leg. The posterior skin temperature was 
determined as the average of the following five locations: scapula, kidney, rump, 
upper left posterior leg and lower right posterior leg. The predicted mean 
temperatures were determined corresponding to the experimental procedure. 
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Figure 6.21 Measured and predicted mean anterior and mean posterior skin 
temperatures of the subjects exposed to five different radiant asymmetries (Hall 
and Klemm, 1969)· 
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The measured anterior skin temperatures increased considerably while the 
posterior skin temperatures significantly decreased during the first 15 minutes. 
After 15 minutes, the anterior skin temperature rose slightly and on the other 
hand the posterior skin temperatures slightly declined until the end on the 
experimental time. Generally, the predictions agreed well with the experiments 
for both anterior skin temperatures and posterior skin temperatures. The 
average deviation between prediction and measured result was 0.7 °C. The 
maximum discrepancy of 1.9°C resulted for exposure 1 (Tw =104/-6.7 °C) which 
was greater than the experimental error (±1.1 °C) indicated as bars in Figure 
6.21. 
For the static-exposure experiment of Hall and Klemm also provided 
information on measured sweat rates as a function of mean skin temperature. 
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Figure 6.22 Sweating response as measured and predicted for all five 
exposures (Hall and Klemm, 1969) as a function of the mean skin temperature. 
Rectangular marks represent measured data and triangles the predicted sweat 
rates. As can be seen both measured and predicted quantities significantly 
increased with raising skin temperatures. The predictions agreed generally well 
~th the experimental results, i.e. within 0.7 g/min average deviation. 
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6.3.6 Exposure to simulated solar radiation 
In this example, the performance of the model was examined for conditions in 
which human subjects were exposed to simulated direct solar radiation, Hodder 
. (2002). 
6.3.6.1 Experiment 
Eight healthy male subjects participated in the experiment of Hodder (2002). 
The subjects were taken into a preparation room with a neutral ambient 
temperature. After 30 minutes (solar simulation lamp were turned on for at 
least 30 minutes prior to the start of the experiment to allow them to reach their 
steady state operating conditions), the subjects were then moved to sit in a car 
seat directly facing to a 1000W solar simulation lamp in a test chamber (Figure 
6.23). The lamp was fitted behind a clear glass window (which transmission 
coefficient was assumed to be 0.96). The subjects were exposed to three 
radiation levels: 200, 400 and 600 Wm-2 • Each exposure lasted 30 minutes. 
I 
~~1:"" ______ 1.-3_.0_0 m ___ -' 
Figure 6.23 Experimental set up of short-wave radiation in the experiment of 
Hodder (2002). 
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The environmental chamber was controlled in order to maintain constant 
'neutral' environmental conditions within PMV=0±0.5. In this study only the 
exposures with the lowest and the highest radiation level were considered, i.e. 
200 and 600 Wm-2• The experimental boundary conditions for these exposures 
are provided in Table 6.12. The subjects were clothed in white cotton/polyester 
long sleeve shirt, beige cotton/polyester trousers, undergarments and shoes. 
The overall cIo-value of this ensemble was estimated to be 0.7 clo. 
Table 6.12 Environmental conditions of the experiment of Hodder (2002). 
Solar radiation 
Twindow Ta MRT Va RH level 
[Wm-2 ] rOC] rOC] rOC] . [ms-
1] [%] 
200 33.51 23.44 37.70 0.05 51.47 
600 37.32 24.09 44.40 0.06 49.65 
Skin temperatures were recorded every 10 seconds at six different body sides: 
forehead, exterior upper arm, exterior lower arm, chest, thigh (exterior upper 
leg) and calf (exterior lower leg). The measured mean skin temperatures in the 
experiments were determined as a function of four local skin temperature, 
Ramanathan (1964). 
Chapter 6: Predicting human thermal responses to asymmetric radiation 144 
6.3.6.2 Simulations 
As above mentioned, only the lowest and highest radiation levels (200 and 600 
Wm-2) were chosen for simulation purposes. The simulations were run with 
time steps of At=2min assuming a typical emissivity of indoor surface at 0.95. 
The emissivity of clothing was assumed as 0.95. Absorptivity of white cotton 
shirt and trousers was assumed to be 0.5 and 0.7, respectively. Details of 
clothing ensembles used in the simulations are provided in Appendix D (Table 
D.3). The environmental conditions used in the simulation are listed in Table 
6.13· 
Table 6~13 Environmental conditions used to simulate the Hodder (2002) 
experiments. 
Solar Window Rest of radiation Time temp. chamber MRT Ta Va level [min] rOC] rOC] [ms-1] 
[Wm-2] rOC] rOC] 
200 0-30 33·51 18.16 37·70 23·44 0.05 
600 0-30 37.32 24·21 44·40 24·09 0.06 
The predicted view factor of the whole body with respect to the front window 
was 0.05. Detailed view factors of 59 body parts used in the simulation are listed 
in Table 6.14. 
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Table 6.14 Local view factors of the subject with respect to the front window 
and the rest of the chamber. 
Body parts Front Rest of Body parts Front Rest of panel chamber panel chamber 
Forehead 0.680 0.299 L. Leg: Up. Inferior 0.012 0.552 
Head 0.085 0.878 L. Leg: Up. Exterior 0.008 0.768 
Face: Anterior 0.471 0.353 L. Leg: La. Anterior 0.000 1.000 
L. Face 0.166 0.718 L. Leg: Lo. Posterior 0.000 0.709 
R. Face 0.166 0.719 L. Leg: Lo. Inferior 0.000 0.740 
Neck: Anterior 0.359 0.408 L. Leg: La. Exterior 0.000 0.924 
Neck: Posterior 0.000 0.943 L. Foot: Instep 0.000 0.886 
Neck: L. Exterior 0.086 0.744 L. Foot: Sole 0.000 0.897 
Neck: R. Exterior 0.086 0.747 R. Shoulder 0.031 0.854 
L. Shoulder 0.031 0.854 R. Arm: Up. Anterior 0.125 0.338 
Thorax: Anterior 0.277 0.635 R. Arm: Up. Posterior 0.000 1.000 
Thorax: Posterior 0.000 0.989 R. Arm: Up. Inferior 0.000 0.606 
Thorax: L. Inferior 0.018 0.437 R. Arm: Up. Exterior 0.059 0.894 
Thorax: R. Inferior 0.018 0.446 R. Arm: La. Anterior 0.060 0.366 
Abdomen: Anterior 0.100 0.390 R. Arm: La. Posterior 0.006 0.994 
Abdomen: Posterior 0.000 1.000 R. Arm: La. Inferior 0.000 0.613 
Abdomen: L. Inferior 0.002 0.667 R. Arm: Lo. Exterior 0.103 0.761 
Abdomen: R. Inferior 0.002 0.666 R. Hand: Handback 0.040 0.672 
L. Arm: Up. Anterior 0.125 0.350 R. Hand: Palm 0.001 0.259 
L. Arm: Up. Posterior 0.000 1.000 R. Leg: Up. Anterior· 0.022 0.407 
L. Arm: Up. Inferior 0.000 0.597 R. Leg: Up. Posterior 0.000 0.936 
L. Arm: Up. Exterior 0.059 0.894 R. Leg: Up. Inferior 0.012 0.551 
L. Arm: La. Anterior 0.060 0.366 R. Leg: Up. Exterior 0.008 0.767 
L. Arm: La. Posterior 0.006 0.994 R. Leg: Lo. Anterior 0.000 1.000 
L. Arm: Lo. Inferior 0.000 0.614 R. Leg: La. Posterior 0.000 0.707 
L. Arm: Lo. Exterior 0.103 0.763 R. Leg: Lo. Inferior 0.000 0.737 
L. Hand: Handback 0.040 0.675 R. Leg: La. Exterior 0.000 0.927 
L. Hand: Palm 0.001 0.254 R. Foot: Instep 0.000 0.884 
L. Leg: Up. Anterior 0.022 0.409 R. Foot: Sole 0.000 0.895 
L. Leg: Up. Posterior 0.000 0.945 Whole Body 0.048 0.734 
For short-wave radiation, projected area factors of 59 individual body sectors 
are required. The corresponding local projected area factors of the subjects 
facing to the solar lamp in the simulations at altitude angle of 45° are provided 
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in Table 6.15. The transmittance of a clear glass window was assumed to be 
0.96. 
Table 6.15 Local projected area factors of the subject using in the simulation. 
Body parts fp-factor Body parts fp-factor 
Forehead 0.624 L. Leg: Up. Inferior 0.059 
Head 0.251 L. Leg: Up. Exterior 0.048 
Face: Anterior 0.375 L. Leg: Lo. Anterior 0.748 
L. Face 0.134 L. Leg: Lo. Posterior 0.028 
R. Face 0.134 L. Leg: Lo. Inferior 0.226 
Neck: Anterior 0.323 L. Leg: Lo. Exterior 0.155 
Neck: Posterior 0.000 L. Foot: Instep 0.341 
Neck: L. Exterior 0.206 L. Foot: Sole 0.000 
Neck: R. Exterior 0.206 R. Shoulder 0.402 
L. Shoulder 0.402 R. Arm: Up. Anterior 0.335 
Thorax: Anterior 0.724 R. Arm: Up. Posterior 0.000 
Thorax: Posterior 0.001 R. Arm: Up. Inferior 0.002 
Thorax: L. Inferior 0.011 R. Arm: Up. Exterior 0.298 
Thorax: R. Inferior 0.011 R. Arm: Lo. Anterior 0.447 
Abdomen: Anterior 0.462 R. Arm: Lo. Posterior 0.000 
Abdomen: Posterior 0.000 R. Arm: La. Inferior 0.016 
Abdomen: L. Inferior 0.030 R. Arm: Lo. Exterior 0.700 
Abdomen: R. Inferior 0.030 R. Hand: Handback 0.472 
L. Arm: Up. Anterior 0.335 R. Hand: Palm 0.007 
L. Arm: Up. Posterior 0.000 R. Leg: Up. Anterior 0.422 
L. Arm: Up. Inferior 0.002 R. Leg: Up. Posterior 0.000 
L. Arm: Up. Exterior 0.298 R. Leg: Up. Inferior 0.059 
L. Arm: La. Anterior 0.447 R. Leg: Up. Exterior 0.048 
L. Arm: La. Posterior 0.000 R. Leg: La. Anterior 0.748 
L. Arm: Lo. Inferior 0.016 R. Leg: Lo. Posterior 0.028 
L. Arm: Lo. Exterior 0.700 R. Leg: Lo. Inferior 0.226 
L. Hand: Handback 0.472 R. Leg: Lo. Exterior 0.155 
L. Hand: Palm 0.000 R. Foot: Instep 0.341 
L. Leg: Up. Anterior 0.422 R. Foot: Sole 0.000 
L. Leg: Up. Posterior 0.000 
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For this experimental exposure, forehead, anterior thorax, lower exterior arms 
and lower anterior legs were the most exposed body parts. 
The prediction of body and local skin temperatures of some exposed and non-
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Figure 6.24 Example of predicted temporal trend of mean and local skin 
temperatures of the subjects exposed to radiation level of 200 and 600 Wm-2 
obtained for the experiments of Hodder (2002). 
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It can be seen that the predicted local skin temperature of body parts that 
exposed to the radiation source significantly increased with time both for 
radiation level of 200 and 600 Wm-2, for example, forehead, anterior face, 
anterior neck, anterior thorax, lower exterior arms and lower anterior legs. The 
predicted skin temperature of anterior thorax seemed the warmest body part in 
which reached to about 37.2°C in case of radiation level at 200 Wm-2 and about 
40.1°C at 600 Wm-2, respectively. The skin temperature of non-exposed body 
parts, e.g. upper posterior arms and upper posterior legs were virtually constant 
during the exposure. The predicted mean skin temperature notably increased 
during the first 20 minutes of both exposures and remained constant thereafter. 
The rectal temperature was fairly constant until the end of the experiment. 
Predicted body and local skin temperatures for all body parts are provided in 
Appendix E (Table E.14). 
The predictions: local skin temperature of five body parts (forehead, exterior 
upper arms, exterior lower arms, chest and thigh) and mean skin temperatures 
(Tsk,m) are compared against experimental results in Figure 6.25 and 6.26. The 
comparisons are available only exposure time of 30 minutes. Also shown in the 
Figure 6.25 and Figure 6.26 are the measured local skin temperatures of the 
persons in the experiments of Hodder (subject A, B, C, D, E, F, G and H) and the 
average local skin temperatures obtained for the eight subjects. 
Chapter 6: Predicting human thermal responses to asymmetric radiation 149 
---.. --
Forehead Upper arms (ext) 
Lower arms (ext) 
g: E ~ 
I 
A B 
I 0 F ~ i15 
c c 
~ ~ 







Figure 6.25 A comparison of predicted and measured local skin temperatures 
after 30 minutes exposure of 200 Wm-2 simulated direct solar radiation. 
The predicted values (rectangular shapes) were in good general agreement 
compared with the average values of the measurement (cylinder) for all five 
local skin temperatures. The maximum discrepancy between the measurements 
and predictions reached about 0.3°C at chest. The predicted mean skin 
temperature (Tsk,m) of the subjects agreed well with the experiment in which 
slight discrepancy (o. lSOC) can be observed. 
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Figure 6.26 A comparison of predicted and measured local skin temperatures 
after 30 minutes exposure of 600 Wm-2 simulated direct solar radiation. 
Similar to the exposure of 200 Wm-2 , the predicted local skin temperatures 
agreed well with the averaged-experimental results, e.g. forehead, upper arms, 
lower arms and thigh. Also the predicted mean skin temperature was in good 
agreement with the measured data. The maximum discrepancy can be observed 
at chest in which the prediction was lower than the measured value about 0.9°C. 
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The main reason was probably that differences in posture in the simulation and 
experiments. The driving posture subjects, obviously, upper main body parts 
(e.g. abdomen and thorax) were slightly inclined backward which cause 
discrepancies found in some body part that directly exposed to the short-wave 
source, i.e. chest. 
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6.4 Conclusions 
In this chapter detailed projected area factors (fp) and view factors (qJ )were 
used with IESD-Fiala to enable detailed radiation calculations and to predict 
human thermal responses to asymmetric radiation environments. The extended 
model was simulated corresponding to available experimental series found in 
literature, e.g. experimental series of Fanger et al. (1980 and 1985), experiments 
of Hall and Klemm (1967 and 1969) and experiments of Hodder (2002). The 
predicted physiological responses obtained using the model showed generally 
good agreement with the above experimental results. 
Although, a good level of agreement with experimental results was achieved 
considering deviation figure (i.e. within acceptable average deviation value). 
However, a large discrepancies between the predictions and the measurements 
can be observed in some exposures, e.g. static exposure in extreme asymmetric 
radiation of Hall and Klemm (1969). The main point was differences in posture 
that were suggested to cause discrepancies between the predicted and measured 
physiological responses, i.e. local skin temperature particularly in extremities. 
A special interest of the simulation is to use local skin temperatures which are 
important signal of human local thermal reception and comfort (Hensel, 1979 
and 1981). Thus the main objective of this research to develop a physiologically 
based thermal comfort model to predict human local perceptual responses to 
asymmetric radiation is feasible. Details of development for the new comfort 
model are described in Chapter 7. 
Chapter 6: Predicting human thermal responses to asymmetric radiation 153 
Chapter 7 
Modelling human local thermal comfort 
responses to asymmetric radiation 
7.1 Introduction 
Human thermal comfort under asymmetric radiation conditions has been 
subjected to experimental investigation for over five decades. Well known 
examples include Chrenko (1953), McNall and Biddison (1970), Mcintyre and 
Griffiths (1972), Olesen et al. (1972), Fanger et al. (1980), Fanger et al. (1985), 
and Berglund and Fobelets (1987). Most of the experiments were carried out in 
climate chambers under well controlled boundary conditions for vertical and/or 
horizontal radiant asymmetry situations. 
Some of the above experiments formed the basis of current national and 
international standards such as ASHRAE Standard 55 (2004) and ISO 7730 
(1994). The limitations of current standard comfort models regarding 
asymmetric radiation and the validity of the environmental asymmetry limits 
are discussed in Chapter 1. 
Modelling human perceptual responses to asymmetric radiation has ever since 
been an important challenge in thermal comfort research. The main purpose of 
modelling is to interpolate available measured data to conditions for which no 
experimental results exist. The aim of this chapter is to develop and validate a 
more universally applicable model for predicting human local perceptual 
responses to asymmetric radiation. A possible route for obtaining such a model 
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is to predict local comfort responses based on physiological principles rather 
than considering environmental limits. This approach is elaborated in this 
chapter. 
7.2 Physiological basis of thermal comfort 
The local sensation of temperature and comfort has been linked to the local 
cutaneous thermoreception. Several excellent studies, e.g. Hensel (1979 and 
1981) have shown the dominant role of skin temperature and cutaneous 
thermoreceptors in the human local perceptual responses. 
Studies on physiological implications of human thermal comfort have been 
conducted by various authors over many decades. Yaglou (1927), for example, 
exposed subjects to ambient temperatures between 20°C and 40°C at 30% and 
70% RH. The experimental results revealed that the mean skin temperature was 
a good indicator of thermal comfort, Figure 7.1, as well as subjects sensations of 
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Figure 7.1 Percentage of people 
expressing discomfort as related 
to the mean skin temperature, 
(Yaglou,1927). 
More comprehensive studies on the relationship between thermal comfort and 
skin temperature were conducted by Gagge et al. (1937). Clothed and unclothed 
male subjects were exposed to thermally controlled environments in which the 
Chapter 7: Modelling human local thermal comfort responses to asymmetric radiation 155 
wet- and dry-bulb temperatures, air velocity and wall temperatures were varied. 
The subjects were asked to report on their subjective feelings using a five 
category scale: (1) very pleasant, (2) pleasant, (3) indifferent, (4) unpleasant, 
and (5) very unpleasant. The mean skin temperature showed a good correlation 
with the perceived unpleasantness for both clothed and unclothed subjects in 
both cold and warm environment, Figure 7.2, (Gagge et al., 1937). 
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Figure 7.2 The sensations of 
thermal pleasantness as a 
function of the mean skin 
temperature (Gagge et al., 
1937)· 
Cold discomfort has been found to be governed by skin temperature, Gagge et 
al. (1967), Gonzalez and Gagage (1973), and Hardy (1970), and also warm 
discomfort has been related to skin temperature (Gagge et al., 1967; Gonzalez et 
al., 1973; and Gagge, 1979). Reports of warm discomfort due to elevated skin 
temperature have been made even though no appreciable increase in body core 
temperature occurred (Gagge et al., 1967). 
More recently, the work of Fiala et al. (2003) confirmed the mean skin 
temperature to be an important signal involved in the human sensation of 
temperature. The authors used a detailed model of the human thermoregulatory 
system to resimulate available thermal comfort experiments and to perform 
statistical regression analyses of predicted physiological states and measured 
perceptual responses. They found that the mean skin temperature is the best 
predictor of cold discomfort but is also an important punitive signal affecting 
the human sensation of warmth in sedentary subjects. 
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Cold and warm cutaneous receptors are distributed inhomogeneously over the 
body surface resulting in regionally different thermal sensitivity of the human 
skin, Nadel et al. (1973), Steven et al. (1973), and Crawshaw et al. (1975). The 
cutaneous receptors respond to thermal stimuli by periodic electrical impulses 
of about 50 mY, Hensel (1981). Both types of receptors have a static discharge 
frequency at a constant skin temperature but perform a dynamic overshoot in 
frequency during temporal changes in skin temperature, Hensel (1981). 
Wyon (e.g. Wyon et al. 1989, Wyon and Sandberg, 1990) proposed an 
Equivalent Homogeneous Temperature (EHT) to predict acceptable range of 
temperature for individual body parts. The EHT is defined as the temperature in 
a uniform environment where the heat loss from a person (or a body part) is the 
same as his/her heat loss in an actual environment. The EHT was derived using 
the measured heat loss of a thermal manikin in which e.g. wearing the same 
clothing, seated in the same posture. Their finding in which obtained from 72 
human subjects indicated that an optimum EHT was 25.1°C for the whole body 
(for mean thermal vote at 0). Also an empirical equation to predict the EHT was 
provided, for example, for head to thighs regions is equal to 14.10 + 0.428T, 
where T is air temperature. . 
Significant experimental work on local thermal sensation and comfort 
perception has recently been conducted by Zhang (2003). Zhang observed local 
perceptual responses of sedentary subjects in a well controlled climatic chamber 
which temperature was varied between 20 to 32°C. Local skin temperature (of 
19 different body parts) was controlled independently by applying air-sleeves 
with defined air temperature directly to the body parts. Although, the 
experiments were not concerned with the effect of asymmetric radiation on 
, 
human thermal comfort and are thus not directly relevant to this work, they 
again demonstrated the dominant role of skin temperature on the local 
sensation of temperature and comfort. 
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7.3 Method of modelling 
In this chapter, a first principle model for predicting human comfort responses 
to asymmetric radiant fields is developed using available experimental 
knowledge sampled over the past 30 years. According to the results of 
thermophysiological research the perception of local 'cold' and 'warm' 
discomfort is associated with local cutaneous thermoreceptions, Hensel (1979 
and 1981). Following this principle local perceptual responses could be 
predicted using local skin temperatures as the physiological origin of local 
thermal (dis)comfort (Issing and Hensel, 1982). From the thermophysical point 
of view, skin temperature represents a cumulative quantity that integrates the 
partial thermal influences from the environment, personal circumstances (e.g. 
clothing), and thermoregulatory effects (sweating and skin blood flow). Using 
this physiological principle it should thus be possible to extrapolate available 
measured data to conditions for which no experimental results exist and enable 
predictions of human local comfort responses even for the complex radiation 
regimes to which humans are exposed in their daily lives. 
The IESD-Fiala multi-segmental model (Fiala et aI., 1999) of human 
thermoregulation is used to simulate the above experiments for asymmetric 
radiation. The experiments were simulated by accurately modelling the 
experimental boundary conditions and the radiative heat exchanges between 
individual parts of the human body and the asymmetric enclosure. The IESD-
Fiala model predicted local skin temperatures, local sweat rates, body core 
temperatures, and other physiological variables dynamically for the duration of 
over exposure. The predicted local physiological variables were correlated with 
experimentally observed local comfort responses (expressed as a percentage of 
subjects dissatisfied with the asymmetric radiation conditions) to obtain the 
required functional relationships. 
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Regression analysis was employed to develop the model for predicting local 
comfort responses. The two-tailed population t-test was applied to determine 
the significance level of the regression coefficients. 
7.4 Simulating thermal comfort experiments for 
asymmetric radiation 
The aim of the simulations was to achieve proper characterisation of subjects' 
thermophysiological states. The boundary conditions and the simulation of 
some experiments below are described in Chapter 6. In this section, further 
experiments are described, additional information relevant to thermal comfort 
are provided, and simulation results for each experiment are presented. 
7.4.1 Exposure to a warm/hot ceiling 
7.4.1.1 Experiment 
These experiments were conducted by Fanger (Fanger et al., 1980). A 
description of the experimental design and the boundary conditions is provided 
in Chapter 6. During each half-hour period (during which the temperature of 
the ceiling panel was kept constant), each subject was asked every five minutes 
whether he/she felt warm or cold on any part of the body and whether he/she 
regarded this as uncomfortable. Only the last three responses (20, 25 and 30 
min after the beginning of each condition) were considered in the analysis. For 
these times any transient discomfort due to the sudden change from one 
experimental condition to the next was assumed to have disappeared. It was 
decided to regard a certain radiation asymmetry level as uncomfortable for a 
given subject if he/she indicated local discomfort at least twice of three 
responses. In the experiment, local discomfort was felt either in the head region 
(uncomfortable warm) or at the feet (uncomfortable cool) or at both places at 
the same time. Table 7.1 summarises the results indicating the level of local 
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discomfort in dependence on the measured vertical radiant temperature 
asymmetry. 
Table 7.1 Percentage of subjects who experienced local thermal discomfort due 
to vertical radiant temperature asymmetry (Fanger et al. 1980). 
Radiant temperature asymmetry 
Body sector CC) 
4.5 9.2 14.1 20.4 23.6 
Head 0.0 12.5 25.0 56.3 62.5 
Feet 6.3 12.5 37.5 50.0 43.8 
Total 6.3 25.0 43.8 75.0 68.8 
It is interesting to note that local discomfort due to cold feet occurred almost as 
frequently as local discomfort due to a warm head. 
7.4.1.2 Simulation 
Details of the simulation are described in Chapter 6, section 6.3.1.2 and a 
comparison of predicted and measured skin temperatures is shown in Figure 6.7 
(Chapter 6). The predicted local skin temperature of the main body parts are 
listed in Table 7.2. 
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Table 7.2 Predicted local skin temperatures of the main body parts as a result 
of an exposure to a vertical radiant temperature asymmetry (Fanger et al. 1980). 
Body sector Radiant temperature asymmetry_ (OC) 
4.5 9.2 14.1 20.4 23.6 
Head 35.0 35.1 35.3 35.6 35.8 
L. Face 34.7 34.8 34.9 35.0 35.1 
R. Face 34.7 34.8 34.9 35.0 35.1 
Neck: L. exterior 34.5 34.6 34.8 35.1 .35.2 
Neck: R. exterior 34.5 34.6 34.8 35.0 35.2 
L. Shoulder 33.9 34.2 34.5 34.9 35.1 
Thorax: Anterior 34.7 34.9 35.0 35.2 35.3 
Thorax: Posterior 34.7 34.7 34.8 34.9 34.9 
Abdomen: Anterior 34.2 34.2 34.3 34.3 34.3 
Abdomen: Posterior 33.9 33.9 33.8 33.8 33.8 
L. Arm: Upper exterior 33.6 33.6 33.7 33.8 33.8 
L. Arm: Lower exterior 32.4 32.3 32.3 32.4 32.3 
L. Hand: Handback 33.0 32.8 32.7 32.7 32.6 
L. Leg: Upper exterior 33.2 33.1 33.0 32.9 32.8 
L. Leg: Lower exterior 32.4 32.2 32.1 31.9 31.8 
L. Foot: Instep 31.2 30.8 30.5 30.2 30.0 
R. Shoulder 33.9 34.2 34.5 34.9 35.1 
R. Arm: Upper exterior 33.6 33.6 33.7 33.8 33.8 
R. Arm: Lower exterior 32.4 32.3 32.3 32.4 32.3 
R. Hand: Handback 33.0 32.8 32.7 32.7 32.6 
R. Leg: Upper exterior 33.2 33.1 33.0 32.9 32.8 
R. Leg: Lower exterior 32.4 32.2 32.1 31.9 31.8 
R. Foot: Instep 31.2 30.8 30.5 30.3 30.0 
The skin temperature distribution differs from the distribution experienced in a 
homogeneous thermo-neutral environment. However, the mean skin 
temperature was kept constant at about 33.4°C and the body core temperature 
at about 37.0°C (see Table E.l, Appendix E) both indicating overall thermo-
neutral physiological conditions. 
In order to obtain information on which body parts were cooled or warmed in 
the asymmetric radiation conditions, the local skin temperatures can be related 
to their respective setpoints (Appendix E, Table E.l). The local skin temperature 
differences (.dTsk,i=Tsk,i-Tsk,l,o) in which defined as the difference of local skin 
temperature (Tsk,D and local skin temperature setpoint (Tsk,[,o) are ranked from 
the 'coldest' to the 'warmest' body parts in Table 7.3. 
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Table 7.3 Local skin temperature differences (L1Tsk,d obtained for the warm/hot 
ceiling exposure (Fanger et al., 1980). 
Body sector Radiant temperature asymmetry (OC) 
4.5 9.2 14.1 20.4 23.6 
L. Foot: Instep -2.21 -2.58 -2.87 -3.12 -3.41 
R. Foot: Instep -2.20 -2.58 -2.87 -3.11 -3.40 
L. Hand: Handback -2.12 -2.29 -2.35 -2.35 -2.47 
R. Hand: Handback -2.12 -2.29 -2.35 -2.35 -2.47 
L. Leg: Lower Exterior -1.29 -1.45 -1.58 -1.71 -1.89 
R. Leg: Lower Exterior -1.30 -1.46 -1.58 -1.71 -1.89 
L. Leg: Upper Exterior -0.95 -1.08 -1.17 -1.26 -1.40 
R. Leg: Upper Exterior -0.95 -1.08 -1.17 -1.26 -1.40 
L. Arm: Lower Exterior -0.76 -0.83 -0.82 -0.79 -0.83 
R. Arm: Lower Exterior -0.76 -0.82 -0.82 -0.78 -0.82 
L. Face -1.00 -0.93 -0.81 -0.65 -0.61 
R. Face -1.00 -0.93 -0.81 -0.65 -0.61 
Abdomen: Posterior -0.31 -0.37 -0.39 -0.41 -0.46 
Neck: L. Exterior -0.70 -0.57 -0.38 -0.14 -0.04 
Neck: R. Exterior -0.70 -0.57 -0.38 -0.15 -0.04 
Thorax: Posterior . -0.21 -0.15 -0.08 0.01 0.05 
Head -0.74 -0.58 -0.36 -0.09 0.07 
Abdomen: Anterior 0.02 0.00 0.03 0.07 0.07 
L. Arm: Upper Exterior -0.04 -0.04 0.02 0.11 0.13 
R. Arm: Upper Exterior -0.04 -0.04 0.02 0.11 0.13 
Thorax: Anterior -0.14 -0.02 0.12 0.30 0.41 
L. Shoulder -0.30 -0.05 0.27 0.65 0.90 
R. Shoulder -0.30 -0.05 0.27 0.65 0.90 
These simulation results confirmed the experimental findings, i.e. the body 
parts that were predicted as coldest and warmest were the feet and the head 
region (including shoulders, Fanger et al., 1980), respectively. 
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704.2 Exposure to cool/cold ceiling 
7.4.2.1 Experiment 
In the cool/cold ceiling series of Fanger et al. (1985), the sixteen subjects (eight 
male and eight female) voted on their local discomfort using a procedure similar 
to the warm/hot ceiling, section 7.4.1.1. The experimental set up, and boundary 
conditions are described in Chapter 6 (section 6.3.2.1). Table 7.4 shows the 
percentage of subjects in the experiment indicating local discomfort perceived 
in the head region and/or warm feet, Fanger et al. (1985). 
Table 7.4 Percentage of subjects who experienced local discomfort in the 
cool/ cold ceiling series of Fanger et al. (1985). 
Radiant temperature asymmetry 
Body sector CC) 
4.4 7.5 10.5 13.0 15.0 
Head 0.0 0.0 0.0 6.3 6.3 
Feet + ankles 0.0 0.0 0.0 0.0 0.0 
Total 0.0 0.0 0.0 6.3 6.3 
The experimental findings showed only a few complaints of local discomfort 
indicating the comfort limits for this type of asymmetric radiation are based on 
a relatively weak data basis, Fanger et al. (1985). 
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7.4.2.2 Simulation 
The simulation procedure and the predicted results obtained for this experiment 
are detailed in Chapter 6 (section 6.3.2.2 and 6.3.2.3). The predicted local skin 
temperatures of the main body parts are listed in Table 7.5 (details of all local 
skin are presented in Appendix E, Table E.2). 
Table 7.5 Local skin temperatures of the main body parts predicted for the 
cool/cold ceiling series of Fanger et al. (1985). 
Body sector Radiant temperature asymmetry ee) 
4.4 7.5 10.5 13.0 15.0 
Head 34.3 34.3 34.4 34.3 34.3 
L. Face 33.9 33.9 33.9 33.9 33.9 
R. Face 33.9 33.9 33.9 33.9 33.9 
Neck: L. exterior 33.8 33.7 33.7 33.6 33.7 
Neck: R. exterior 33.8 33.7 33.7 33.6 33.7 
L. Shoulder 33.0 33.1 33.3 33.3 33.4 
Thorax: Anterior 34.3 34.2 34.1 34.1 34.1 
Thorax: Posterior 34.4 34.3 34.3 34.3 34.3 
Abdomen: Anterior 33.9 33.7 33.7 33.7 33.7 
Abdomen: Posterior 33.7 33.5 33.5 33.5 33.5 
L. Arm: Upper exterior 33.2 33.0 33.0 33.1 33.1 
L. Arm: Lower exterior 31.9 31.6 31.6 31.6 31.6 
L. Hand: Handback 32.2 31.9 31.8 31.8 31.9 
L. Leg: Upper exterior 32.9 32.9 33.0 33.1 33.2 
L. Leg: Lower exterior 32.2 32.1 32.2 32.2 32.3 
L. Foot: Instep 31.0 30.5 30.3 30.2 30.1 
R. Shoulder 33.0 33.1 33.3 33.3 33.4 
R. Arm: Upper exterior 33.2 33.0 33.0 33.1 33.1 
R. Arm: Lower exterior 31.9 31.6 31.6 31.6 31.6 
R. Hand: Handback 32.2 31.9 31.8 31.8 31.9 
R. Leg: Upper exterior 32.9 32.9 33.0 33.1 33.2 
R. Leg: Lower exterior 32.2 32.1 32.2 32.2 32.3 
R. Foot: Instep 31.0 30.5 30.3 30.2 30.1 
The corresponding local skin temperature differences, ATsk,i, are listed in Table 
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Table 7.6 Local skin temperature differences, dTsk,i obtained for the cool/cold 
ceiling exposure (Fanger et al. 1985). 
Body sector Radiant temperature asymmetry ee) 
4.4 7.5 10.5 13.0 15.0 
L. Hand: Handback -2.91 -3.22 -3.25 -3.32 -3.22 
L. Foot: Instep -2.37 -2.87 -3.07 -3.20 -3.22 
R. Hand: Handback -2.91 -3.22 -3.24 -3.32 -3.22 
R. Foot: Instep -2.37 -2.86 -3.07 -3.20 -3.22 
L. Face -1.77 -1.84 -1.77 -1.84 -1.79 
R. Face -1.77 -1.84 -1.77 -1.84 -1.79 
Neck: L. Exterior -1.43 -1.51 -1.49 -1.59 -1.54 
Neck: R. Exterior -1.43 -1.51 -1.49 -1.59 -1.54 
L. Arm: Lower exterior -1.28 -1.51 -1.56 -1.59 -1.53 
R. Arm: Lower exterior -1.28 -1.51 -1.56 -1.59 -1.53 
Head -1.36 -1.36 -1.35 -1.43 -1.43 
L. Leg: Lower exterior -1.48 -1.58 -1.49 -1.42 -1.32 
R. Leg: Lower exterior -1.48 -1.58 -1.50 -1.42 -1.32 
L. Leg: Upper exterior -1.25 -1.30 -1.19 -1.08 -0.96 
R. Leg: Upper exterior -1.25 -1.30 -1.18 -1.08 -0.96 
L. Shoulder -1.18 -1.10 -0.94 -0.89 -0.81 
R. Shoulder -1.18 -1.10 -0.94 -0.89 -0.81 
Thorax: Anterior -0.60 -0.71 -0.75 -0.80 -0.80 
Abdomen: Posterior -0.55 -0.72 -0.75 -0.75 -0.71 
Thorax: Posterior -0.51 -0.59 -0.58 -0.59 -0.56 
Abdomen: Anterior -0.35 -0.48 -0.50 -0.54 -0.51 
L. Arm: Upper exterior -0.50 -0.64 -0.62 -0.59 -0.51 
R. Arm: Upper exterior -0.50 -0.64 -0.62 -0.59 -0.51 
The simulation results indicated that the coldest body parts would be hands, if 
LiTsk,i would be based as criterion. This result would not correspond to the 
experimental findings in which the head region was perceived as coldest body 
part (although the experimental results were not statistically significant, Fanger 
et al., 1985). 
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7.4.3 Expose to warmfhot vertical panel 
7.4.3.1 Experiment 
In the warm/hot wall series of Fanger et a1. (1985), the sixteen subjects (eight 
male and eight female) voted on their local discomfort using a procedure similar 
to the warm/hot ceiling, section 7.4.1.1. The experimental set up and boundary 
conditions are described in Chapter 6 (section 6.3.3.1). Table 7.7 lists the 
percentage of subjects in the experiment indicating local discomfort due to cold 
right body parts and/or warm left body parts, Fanger et al. (1985). 
Table 7.7 Percentage of subjects who experienced local discomfort in the 





Radiant temperature asymmetry (OC) 
6.6 13.3 20.7 28.0 35.1 
0.0 0.0 6.3 6.3 6.3 
0.0 6.3 6.3 0.0 6.3 
0.0 6.3 12.5 6.3 12.5 
Similar to the experimental findings of the cool/cold ceiling series, only a few 
number of the subjects complained about local discomfort. The researchers 
found that the experimental results obtained were based on a weak data basis, 
Fanger et a1. (1985). 
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7.4.3.2 Simulation 
The simulation procedure and the predicted results obtained for this experiment 
are described in Chapter 6 (section 6.3.3.2 and 6.3.3.3). The predicted local skin 
temperatures of the main body parts are listed in Table 7.8. Details of all local 
skin, mean and rectal temperature are presented in Appendix E, Table E.3. 
Table 7.8 Local skin temperatures of main body parts predicted for the warm 
/hot wall series of Fanger et ale (1985). 
Body sector Radiant temperature asymmetry ee) 
6.6 13.3 20.7 28.0 35.1 
Head 34.9 34.9 34.9 34.9 34.7 
L. Face 35.3 35.9 36.4 37.1 37.2 
R. Face 34.4 34.2 34.0 33.7 33.3 
Neck: L. exterior 34.9 35.4 35.8 36.3 36.4 
Neck: R. exterior 34.1 33.9 33.6 33.4 33.1 
L. Shoulder 33.9 34.1 34.1 34.2 34.2 
Thorax: Anterior 34.7 34.9 35.0 35.1 35.1 
Thorax: Posterior 34.6 34.7 34.8 34.9 34.9 
Abdomen: Anterior 34.2 34.2 34.1 34.1 34.0 
Abdomen: Posterior 34.0 34.1 34.2 34.4 34.4 
L. Arm: Upper exterior 34.0 34.4 34.8 35.3 35.6 
L. Arm: Lower exterior 32.6 32.9 33.2 33.5 33.6 
L. Hand: Handback 32.9 33.0 33.0 33.1 32.9 
L. Leg: Upper exterior 33.8 34.3 34.9 35.6 36.0 
L. Leg: Lower exterior 32.9 33.4 33.9 34.6 34.9 
L. Foot: Instep 31.0 30.8 30.7 30.6 30.3 
R. Shoulder 33.7 33.5 33.3 33.1 32.8 
R. Arm: Upper exterior 33.3 33.0 32.7 32.4 32.0 
R. Arm: Lower exterior 32.0 31.7 31.3 30.9 30.4 
R. Hand: Handback 32.5 32.2 31.9 31.5 30.9 
R. Leg: Upper exterior 32.9 32.7 32.3 32.0 31.6 
R. Leg: Lower exterior 32.1 31.8 31.4 31.0 30.5 
R. Foot: Instep 30.9 30.7 30.4 30.3 29.9 
The local skin temperature differences, L1Tsk,i, for this type of asymmetric 
radiation are listed in ascending order in Table 7.9 as an indication of body 
parts which were likely to be perceived as uncomfortable. 
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Table 7.9 Local skin temperature differences, ~Tsk.i obtained for the warm/hot 
vertical wall exposure (Fanger et at, 1985). 
Body sector Radiant temperature asymmetry ee) 
6.6 13.3 20.7 28.0 35.1 
R. Hand: Handback -2.53 -2.83 -3.22 -3.54 -4.13 
R. Foot: Instep -2.47 -2.69 -2.93 -3.09 -3.47 
R. Leg: Lower exterior -1.59 -1.89 -2.29 -2.68 -3.15 
L. Foot: Instep -2.39 -2.53 -2.68 -2.73 -3.02 
R. Arm: Lower exterior -1.15 -1.46 -1.86 -2.24 -2.75 
R. Leg: Upper exterior -1.23 -1.49 -1.82 -2.16 -2.59 
R. Face -1.32 -1.48 -1.74 -1.96 -2.36 
L. Hand: Handback -2.16 -2.10 -2.09 -1.97 -2.21 
Neck: R. Exterior -1.11 -1.29 -1.55 -1.76 -2.09 
R. Arm: Upper exterior -0.39 -0.63 -0.95 -1.26 -1.67 
R. Shoulder -0.54 -0.66 -0.89 -1.13 -1.45 
Head -0.85 -0.82 -0.85 -0.84 -0.97 
Abdomen: Anterior -0.06 -0.07 -0.11 -0.11 -0.22 
L. Shoulder -0.27 -0.13 -0.06 0.04 -0.02 
Thorax: Posterior -0.23 -0.12 -0.06 0.04 0.01 
Abdomen: Posterior -0.24 -0.13 -0.04 0.13 0.14 
Thorax: Anterior -0.17 -0.02 0.09 0.24 0.25 
L. Arm: Lower exterior -0.51 -0.22 0.04 0.39 0.45 
Neck: L. Exterior -0.28 0.23 0.63 1.14 1.20 
L. Leg: Lower exterior -0.73 -0.23 0.29 0.92 1.24 
L. Face -0.38 0.25 0.75 1.36 1.49 
L. Leg: Upper exterior -0.38 0.18 0.76 1.43 1.82 
L. Arm: Upper exterior 0.33 0.75 1.17 1.67 1.90 
In accordance with the experiment, the L1Tsk,i-data would indicate the right-
hand side body parts likely to be perceived as cold and the left-hand side body 
parts as warm. Thereby, the right handback, right foot and the lower exterior 
right leg were predicted to be the coldest body parts whereas left face, upper 
exterior left leg and the upper exterior left arm were predicted to be the warmest 
body regions when compared to their thermo-neutral states. 
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7.4.4 Exposures to a hot spatial wall 
7.4.4.1 Experiment 
In this experimental series carried out by McNall and Biddison (1970), seventy 
subjects (35 males and 35 females) were employed. In each exposure, five 
sedentary subjects were positioned along a warm/hot wall on their left hand 
side. The dimensions of the wall were 2.4m (height) x 7.3m (width). The average 
view factor between the subjects and the wall was estimated to be about 0.16. 
The experiments were conducted for seven different combinations of wall and 
air temperatures (Table 7.10). The air velocity varied between 0.10-0.15 m/s and 
the vapour pressure was kept constant at 1.47 kPa. The subjects were clothed in 
the KSU uniform (with cotton sweat socks but no shoes) with insulation value of 
0.59 clo. 
Table 7.10 Environmental conditions of the warm/hot wall series conducted by 
McNall and Biddison (1970). 
Condition Warm/hot Other walls Air temperature 
No. wall (OC) (OC) 
(OCl 
1 54.4 12.8 25.6 
2 54.4 12.8 28.9 
3 54.4 16.7 25.6 
4 54.4 21.7 23.3 
5 54.4 24.4 32.2 
6 54.4 29.4 27.8 
7 54.4 16.1 21.1 
Each testing session lasted three hours. The subjects voted on their thermal 
comfort sensations through each exposure but only the first four votes (0-90 
min) were included in the analysis which results were published in their paper. 
Even when extremes were excluded and not published (condition 5 and 6), a 
significant number, i.e. 40.5% of the subjects were found to be thermally 
uncomfortable in the experiments. A significant number of them, i.e. 75% (or 
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30% in total) indicated that the sole, or at least a contributing cause of their 
warmth discomfort was due to "uneven body temperatures", i.e. local 
discomfort, McNall and Biddison (1970). 
7.4.4.2 Simulation 
The simulations were performed for (the five) environmental boundary 
conditions listed in Table 7.10. A typical emissivity of 0.95 was assumed for the 
chamber surfaces. A constant air velocity and vapour pressure of 0.12 m/s and 
1.47 kPa, respectively, were used in the simulations. Each of the five test-
conditions were simulated separately as three hour exposures using time steps 
of ilt=smin. 
The human thermal simulations were performed for several positions along the 
warm/hot wall. For simplification, however, only three positions (Figure 7.3) 
were considered Oeaving out the two positions inbetween). 
Warm/hot wall 
i l' 101m 101m 




Position 1 : 
Position2 




Figure '.3 Simulated positions of the subjects in the experiment of McNall and 
Biddison (1970). 
The environmental conditions used in the simulations of the spatial warm/hot 
wall series are indicated graphically in Figure 7.4. 
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The predicted view factors between the whole body and the spatial warm/hot 
wall at the position 1, 2 and 3 were 0.170, 0.159 and 0.164, respectively. The 
view factors for individual body sectors for each of the three positions are 
provided in Table 7.11. 
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Table ,.11 Local view factors between the subject and the spatial warm/hot 
wall series and the rest of the chamber (McNall and Biddison, 1970). 
Position 1 Position 2 Position 3 
Body part Hot Rest of Hot Rest of Hot Rest of 
wall chamber wall chamber wall chamber 
Forehead 0.172 0.807 0.213 0.766 0.280 0.699 
Head 0.244 0.719 0.208 0.755 0.208 0.756 
Face: Anterior 0.182 0.642 0.212 0.612 0.270 0.554 
L. Face 0.596 0.288 0.589 0.295 0.652 0.233 
R. Face 0.000 0.885 0.000 0.885 0.001 0.884 
Neck: Anterior 0.107 0.660 0.170 0.597 0.231 0.536 
Neck: Posterior 0.257 0.686 0.190 0.753 0.143 0.800 
Neck: L. Exterior 0.512 0.319 0.504 0.326 0.536 0.295 
Neck: R. Exterior 0.000 0.833 0.000 0.833 0.000 0.833 
L. Shoulder 0.249 0.635 0.222 0.662 0.225 0.660 
Thorax: Anterior 0.167 0.745 0.212 0.700 0.278 0.635 
Thorax: Posterior 0.277 0.712 0.210 0.779 0.170 0.818 
Thorax: L. Inferior 0.193 0.262 0.197 0.259 0.203 0.253 
Thorax: R. Inferior 0.012 0.452 0.005 0.459 0.002 0.462 
Abdomen: Anterior 0.067 0.424 0.101 0.390 0.137 0.353 
Abdomen: Posterior 0.274 0.726 0.206 0.794 0.171 0.829 
Abdomen: L. Inferior 0.388 0.281 0.333 0.336 0.318 0.351 
Abdomen: R. Inferior 0.004 0.664 0.000 0.667 0.000 0.667 
L. Arm: Up. Anterior 0.082 0.393 0.126 0.349 0.170 0.305 
L. Arm: Up. Posterior 0.438 0.562 0.359 0.641 0.318 0.682 
L. Arm: Up. Inferior 0.058 0.539 0.036 0.561 0.012 0.585 
L. Arm: Up. Exterior 0.426 0.527 0.445 0.508 0.491 0.462 
L. Arm: Lo. Anterior 0.000 0.425 0.003 0.422 0.009 0.416 
L. Arm: Lo. Posterior 0.499 0.501 0.465 0.535 0.456 0.544 
L. Arm: Lo. Inferior 0.065 0.549 0.042 0.572 0.022 0.592 
L. Arm: Lo. Exterior 0.274 0.593 0.312 0.555 0.374 0.492 
L. Hand: Handback 0.206 0.508 0.206 0.508 0.225 0.490 
L. Hand: Palm 0.100 0.155 0.083 0.172 0.069 0.185 
L. Leg: Up. Anterior 0.027 0.404 0.031 0.400 0.040 0.391 
L. Leg: Up. Posterior 0.123 0.822 0.104 0.841 0.108 0.838 
L. Leg: Up. Inferior 0.000 0.563 0.000 0.563 0.000 0.563 
L. Leg: Up. Exterior 0.423 0.353 0.395 0.381 0.384 0.391 
L. Leg: Lo. Anterior 0.146 0.854 0.177 0.823 0.228 0.772 
L. Leg: Lo. Posterior 0.188 0.522 0.144 0.566 0.077 0.632 
L. Leg: Lo. Inferior 0.000 0.741 0.001 0.740 0.005 0.736 
L. Leg: Lo. Exterior 0.432 0.492 0.412 0.512 0.381 0.543 
L. Foot: Instep 0.228 0.658 0.212 0.674 0.185 0.701 
L. Foot: Sole 0.012 0.886 0.013 0.884 0.011 0.886 
R. Shoulder 0.058 0.828 0.048 0.838 0.050 0.836 
R. Arm: Up. Anterior 0.019 0.445 0.061 0.403 0.095 0.369 
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R. Arm: Up. Posterior 0.132 0.868 0.088 0.912 0.062 0.938 
R. Arm: Up. Inferior 0.280 0.326 0.215 0.391 0.196 0.410 
R. Arm: Up. Exterior 0.000 0.953 0.001 0.952 0.003 0.950 
R. Arm: Lo. Anterior 0.225 0.201 0.247 0.178 0.302 0.124 
R. Arm: Lo. Posterior 0.003 0.997 0.000 1.000 0.000 1.000 
R. Arm: Lo. Inferior 0.108 0.505 0.073 0.540 0.045 0.568 
R. Arm: Lo. Exterior 0.030 0.834 0.049 0.815 0.077 0.787 
R. Hand: Handback 0.091 0.621 0.091 0.621 0.117 0.595 
R. Hand: Palm 0.043 0.217 0.030 0.229 0.021 0.239 
R. Leg: Up. Anterior 0.159 0.269 0.152 0.277 0.177 0.251 
R. Leg: Up. Posterior 0.045 0.891 0.027 0.909 0.036 0.900 
R. Leg: Up. Inferior 0.223 0.340 0.218 0.345 0.270 0.293 
R. Leg: Up. Exterior 0.000 0.776 0.000 0.776 0.000 0.776 
R. Leg: Lo. Anterior 0.261 0.739 0.271 0.729 0.338 0.662 
R. Leg: Lo. Posterior 0.184 0.523 0.142 0.565 0.100 0.607 
R. Leg: Lo. Inferior 0.359 0.378 0.330 0.407 0.332 0.405 
R. Leg: Lo. Exterior 0.000 0.927 0.000 0.926 0.003 0.923 
R. Foot: Instep 0.215 0.669 0.196 0.688 0.176 0.708 
R. Foot: Sole 0.004 0.891 0.004 0.891 0.004 0.892 
Whole body 0.170 0.613 0.159 0.623 0.164 0.618 
As an example, Figure 7.5, shows the temporal trends of body temperatures 
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Figure 7.5 Example of predicted temporal trend of body and skin temperatures 
for exposure 1 (position 1) of McNall and Biddison (1970). 
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It can be seen that the predicted local skin temperature (Tsk,i) of body parts that 
were exposed to the hot wall rose with time, for example, left face, left neck 
(exterior) and upper exterior left. The opposite behaviour was observed for the 
right face, right neck (exterior) and lower exterior right arm. The mean skin and 
the rectal temperature, however, remained fairly constant until the end of the 
experiment. 
The average local skin temperatures of exposures 1, 2, 3, 4, and 7 obtained for 
some main body parts for the three positions along the hot wall are listed in 
Table 7.12 (see Appendix E, Table E.lo-E.12 for all body sectors). 
Table ,.12 Local skin temperatures of the main body parts predicted at the 




1 2 3 
Head 35.0 34.9 34.7 
L. Face 36.1 36.0 36.0 
R. Face 33.7 33.6 33.6 
Neck: L. exterior 35.7 35.6 35.5 
Neck: R. exterior 33.5 33.5 33.5 
L. Shoulder 34.7 34.5 34.3 
Thorax: Anterior 34.6 34.7 35.0 
Thorax: Posterior 34.8 34.5 34.1 
Abdomen: Anterior 34.2 34.4 34.5 
Abdomen: Posterior 34.5 34.4 34.2 
L. Arm: Upper exterior 35.0 34.8 34.9 
L. Arm: Lower exterior 32.9 32.9 33.3 
L. Hand: Handback 33.1 33.1 33.3 
L. Leg: Upper exterior 35.1 34.9 35.0 
L. Leg: Lower exterior 33.6 33.6 33.9 
L. Foot: Instep 30.9 31.1 31.2 
R. Shoulder 33.3 33.2 33.1 
R. Arm: Upper exterior 32.4 32.4 32.5 
R. Arm: Lower exterior 30.6 30.7 30.9 
R. Hand: Handback 31.8 31.9 32.0 
R. Leg: Upper exterior 32.5 32.5 32.5 
R. Leg: Lower exterior 30.2 30.2 30.2 
R. Foot: Instep 30.0 30.2 30.2 
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The corresponding local skin temperature differences (.1Tsk,i) are shown in Table 
7.13. 
Table 7.13 Local skin temperature differences, L1Tsk,i, obtained for the spatial 
warm/hot wall exposure by McNall and Biddison (1970). 
Body sector Simulated position 
1 2 3 
R. Leg: Lower exterior -3.45 -3.45 -3.42 
R. Foot: Instep -3.33 -3.11 -3.11 
R. Hand: Handback -3.23 -3.18 -3.03 
R. Arm: Lower Exterior -2.56 -2.41 -2.27 
L. Foot: Instep -2.44 -2.29 -2.21 
R. Face -2.03 -2.05 -2.06 
L. Hand: Handback -1.94 -1.99 -1.80 
Neck: R. Exterior -1.70 -1.71 -1.72 
R. Leg: Upper exterior -1.63 -1.64 -1.64 
R. Arm: Upper exterior -1.24 -1.21 -1.18 
R. Shoulder -0.92 -1.00 -1.08 
Head -0.73 -0.85 -0.98 
Thorax: Posterior -0.05 -0.32 -0.78 
Thorax: Anterior -0.28 -0.14 0.08 
L. Arm: Lower exterior -0.23 -0.22 0.15 
L. Leg: Lower Exterior -0.04 -0.01 0.20 
Abdomen: Anterior 0.03 0.14 0.26 
Abdomen: Posterior 0.32 0.17 -0.06 
L. Shoulder 0.51 0.25 0.13 
L. Face 0.38 0.27 0.28 
Neck: L. Exterior 0.52 0.41 0.27 
L. Leg: Upper exterior 0.94 0.78 0.81 
L. Arm: Upper exterior 1.31 1.15 1.21 
The 'warmest' body parts with the highest L1Tsk,i values were those sectors of the 
extremities which were directly exposed to the hot wall, i.e. the exterior sector of 
the left upper arm and leg. The simulation results indicated position 1 to be the 
most critical of the three positions analysed regarding to radiant asymmetry and 
possible local discomfort, although, there were no really significant differences 
between the three positions. 
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7.4.5 Exposure to a coolJ cold vertical panel 
7.4.5.1 Experiment 
In this experiment conducted by Fanger et al. (1985), thirty two subjects were 
employed. The sedentary subjects were exposed to a cool/cold vertical panel on 
their left hand side. A more detailed description of the experimental procedure 
is provided in Chapter 6 (section 6.3.4). The subjects voted on their local 
thermal sensation and local discomfort, i.e. whether they felt warm or coolon 
any part of the body and whether they regarded this as uncomfortable every five 
minutes. Table 7.14 summaries the results provided as a percentage of subjects 
feeling local cold and/or warm discomfort on their left/right side. 
Table 7.14 Percentage of subjects who experienced cold and warm discomfort, 





Radiant temperature asymmetry (OC) 
5.3 8.6 12.8 16.6 18.2 
3.1 0.0 9.4 28.1 37.5 
0.0 0.0 0.0 0.0 9.3 
3.1 0.0 9.4 28.1 43.8 
The experimental results indicated that local cold discomfort perceived at the 
left body side was the dominant figure in this type of exposure. Local warm 
discomfort was perceived only by a small number of subject at the highest 
radiant asymmetry. 
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7.4.5.2 Simulation 
Details of the simulation are described in Chapter 6, section 6.3.4.2. A 
comparison of predicted and measured skin temperature is presented in Figure 
6.18. The predicted local skin temperature of the main body parts are provided 
in Table 7.15. 
Table 7.15 Predicted local skin temperatures of the main body parts as a result 
of an exposure to a coolJcold vertical panel (Fanger et al., 1985). 
Body sector Radiant temperature asymmetry ee) 
5.3 8.6 12.8 16.6 18.2 
Head 34.6 34.7 34.8 34.8 34.9 
L. Face 33.8 33.7 33.6 33.5 33.5 
R. Face 34.4 34.6 34.7 34.8 34.9 
Neck: L. exterior 33.7 33.6 33.5 33.4 33.4 
Neck: R. exterior 34.2 34.3 34.5 34.6 34.6 
L. Shoulder 33.3 33.5 33.7 33.8 33.9 
Thorax: Anterior 34.5 34.5 34.5 34.5 34.5 
Thorax: Posterior 34.4 34.5 34.5 34.5 34.6 
Abdomen: Anterior 34.0 34.0 34.1 34.1 34.2 
Abdomen: Posterior 33.7 33.6 33.6 33.6 33.6 
L. Arm: Upper exterior 33.1 32.9 32.7 32.6 32.6 
L. Arm: Lower exterior 32.0 31.9 31.7 31.6 31.6 
L. Hand: Handback 32.4 32.3 32.2 32.2 32.3 
L. Leg: Upper exterior 32.6 32.4 32.2 32.1 32.0 
L. Leg: Lower exterior 31.9 31.7 31.5 31.3 31.2 
L. Foot: Instep 31.1 30.8 30.5 30.3 30.2 
R. Shoulder 33.4 33.7 34.0 34.3 34.5 
R. Arm: Upper exterior 33.5 33.6 33.8 33.9 34.0 
R. Arm: Lower exterior 32.4 32.5 32.6 32.7 32.9 
R. Hand: Handback 32.6 32.7 32.8 32.9 33.0 
R. Leg: Upper exterior 33.1 33.3 33.4 33.6 33.7 
R. Leg: Lower exterior 32.4 32.5 32.7 32.8 32.9 
R. Foot: Instep 31.1 30.8 30.6 30.4 30.4 
The local skin temperature differences (L1Tsk,i) for this asymmetric radiation 
exposure are listed in Table 7.16. 
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Table 7.16 Local temperature differences (L1Tsk,D obtained for the vertical cold 
panel of Fanger et al. (1985). 
Body sector Radiant temperature asymmetry ee) 
5.3 8.6 12.8 16.6 18.2 
L. Foot: Instep -2.27 -2.61 -2.86 -3.08 -3.17 
R. Foot: Instep -2.22 -2.52 -2.73 -2.92 -2.98 
L. Hand: Handback -2.68 -2.79 -2.83 -2.85 -2.76 
L. Leg: Lower exterior -1.75 -1.98 -2.18 -2.36 -2.46 
L. Face -1.94 -2.03 -2.12 -2.24 -2.24 
L. Leg: Upper exterior -1.55 -1.76 -1.94 -2.10 -2.18 
R. Hand: Handback -2.43 -2.41 -2.31 -2.21 -2.04 
Neck: L. Exterior -1.53 -1.61 -1.69 -1.79 -1.78 
L. Arm: Lower exterior -1.13 -1.29 -1.43 -1.55 -1.57 
L. Arm: Upper exterior -0.59 -0.77 -0.91 -1.04 -1.09 
Head -1.13 -1.02 -0.93 -0.88 -0.81 
R. Face -1.33 -1.14 -0.96 -0.87 -0.77 
R. Leg: Lower exterior -1.21 -1.11 -0.97 -0.86 -0.73 
Abdomen: Posterior -0.53 -0.60 -0.64 -0.67 -0.66 
Neck: R. Exterior -1.02 -0.87 -0.72 -0.64 -0.55 
R. Leg: Upper exterior -1.01 -0.88 -0.71 -0.57 -0.43 
Thorax: Anterior -0.43 -0.40 -0.39 -0.39 -0.37 
L. Shoulder -0.94 -0.75 -0.55 -0.42 -0.31 
Thorax: Posterior -0.42 -0.38 -0.35 -0.35 -0.31 
R. Arm: Lower exterior -0.72 -0.64 -0.51 -0.41 -0.27 
Abdomen: Anterior -0.21 -0.20 -0.15 -0.10 -0.04 
R. Shoulder -0.77 -0.48 -0.18 0.06 0.25 
R. Arm: Upper exterior -0.12 -0.02 0.12 0.23 0.35 
The left foot showed the highest negative temperature difference of body parts 
while only very small positive L1Tsk,i difference ( right arm upper exterior and 
right shoulder) were predicted for this type of exposure. These results would 
seem to confirm the experimental findings of Fanger et al. (1985) in which 
significant local discomfort at the left body side but only slightly warm 
discomfort at the right body side was observed in this experiment. 
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7.4.6 Exposures to a cold spatial wall 
7.4.6.1 Experiment 
One hundred (50 male and 50 female) subjects were employed in the 
experiment of McNall and Biddison (1970). Similar to the experimental series of 
the same authors (section 7.4.4), in each exposure, five sedentary subjects were 
positioned along a cold wall on their left hand side. The dimensions of the wall 
were 2.4 m height and 7.3 m width. The experiments were conducted for ten 
different combinations of environmental conditions (Table 7.17). The air 
velocity varied between 0.10-0.15 mls and the vapour pressure was kept 
constant at 1.47 kPa. Similar to their hot wall experiment, the subjects were 
clothed in the KSU uniform (with cotton sweat socks but no shoes) with 
insulation value of 0.59 clo. 
Table 7.17 Environmental conditions of the cold spatial wall series conducted 
by McNall and Biddison (1970). 
Condition Cold wall Rest walls Air temperature 
No. (OC) (OC) (OC) 
1 15.6 26.7 28.9 
2 18.9 30.0 23.3 
3 18.3 30.0 32.2 
4 14.4 25.6 21.1 
5 13.3 24.4 25.6 
6 24.4 35.6 27.8 
7 16.1 27.2 25.6 
8 8.9 21.1 25.6 
9 8.9 21.1 28.9 
10 18.3 29.4 32.2 
Each testing session lasted three hours. The subjects voted on their thermal 
comfort sensation through the experiment but only the first four votes (0-90 
min) were included in the analysis which results were published. Excluding 
extremes (condition 3, 4, 6, 8, and 10), it was found that 12.9% of the subjects 
were thermally uncomfortable in these experiments but none of them due to 
Chapter 7: Modelling human local thermal comfort responses 10 asymmetric radiation 179 
local discomfort. These experiments were simulated in order to determine the 
physiological strain due to asymmetric radiation in which human beings can be 
exposed without perceiving any local discomfort. 
7.4.6.2 Simulation 
The simulations were performed for the experimental boundary conditions 
listed in Table 7.17 with an air velocity and vapour pressure of 0.12 mls and 1.47 
kPa. A typical emissivity 0.95 was assumed for all chamber surfaces. Each of the 
five test-conditions considered were simulated separately as a three hour 
exposures using time steps of ~t=5min. 
The spatial cold wall series of McNall and Biddison were simulated considering 
only one position of the subjects in the room (Figure 7.6). The considered 
position was chosen of the five positions in the experiment to represent an 
"average" exposure. The view factor predicted between the whole body and the 






Figure 7.6 Simulated position of the subject for the cold wall experimental 
series of McNall and Biddison (1970). 
The environmental conditions used in the simulation of the spatial cold wall 
series in which excluded the extreme conditions of cases 3, 4, 6, 8 and 10 (Table 
7.17) are presented in Figure 7.7. 























I 10 0 
Condo 2 Condo 5 Cond. 7 Condo 9 
Cold wall ~ Ta ~ Other walls _ RH 
Figure 7.7 Environmental conditions in the simulation of the spatial cold wan 
(McNall and Biddison, 1970). 
The predicted view factors between individual body sectors of the exposed 
subject and (i) the cold spatial wall and (ii) the rest of the chamber are provided 
in Table 7.18. 
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Table 7.18 Local view factors between the subject and the spatial vertical cold 
wall and the rest of the chamber. 
Body parts Cold Rest of Body parts Cold Rest of wall chamber wall chamber 
Forehead 0.230 0.749 L. Leg: Up. Inferior 0.000 0.563 
Head 0.224 0.740 L. Leg: Up. Exterior 0.415 0.360 
Face: Anterior 0.227 0.597 L. Leg: La. Anterior 0.189 0.811 
L. Face 0.624 0.261 L. Leg: La. Posterior 0.153 0.557 
R. Face 0.000 0.885 L. Leg: La. Inferior 0.001 0.739 
Neck: Anterior 0.184 0.583 L. Leg: La. Exterior 0.431 0.493 
Neck: Posterior 0.206 0.737 L. Foot: Instep 0.223 0.663 
Neck: L. Exterior 0.532 0.299 L. Foot: Sole 0.013 0.884 
Neck: R. Exterior 0.000 0.833 R. Shoulder 0.054 0.832 
L. Shoulder 0.238 0.647 R. Arm: Up. Anterior 0.068 0.396 
Thorax: Anterior . 0.228 0.684 R. Arm: Up. Posterior 0.098 0.902 
Thorax: Posterior 0.226 0.763 R. Arm: Up. Inferior 0.232 0.374 
Thorax: L. Inferior 0.208 0.247 R. Arm: Up. Exterior 0.002 0.952 
Thorax: R. Inferior 0.007 0.457 R. Arm: La. Anterior 0.263 0.163 
Abdomen: Anterior 0.109 0.381 R. Arm: Lo. Posterior 0.001 0.999 
Abdomen: Posterior 0.222 0.778 R. Arm: Lo. Inferior 0.081 0.532 
Abdomen: L. Inferior 0.352 0.317 R. Arm: La. Exterior 0.056 0.808 
Abdomen: R. Inferior 0.001 0.667 R. Hand: Handback 0.099 0.613 
L. Arm: Up. Anterior 0.136 0.339 R. Hand: Palm 0.033 0.226 
L. Arm: Up. Posterior 0.381 0.619 R. Leg: Up. Anterior 0.162 0.267 
L. Arm: Up. Inferior 0.040 0.557 R. Leg: Up. Posterior 0.032 0.904 
L. Arm: Up. Exterior 0.471 0.482 R. Leg: Up. Inferior 0.233 0.329 
L. Arm: La. Anterior 0.004 0.421 R. Leg: Up. Exterior 0.000 0.776 
L. Arm: La. Posterior 0.490 0.510 R. Leg: La. Anterior 0.288 0.712 
L. Arm: Lo. Inferior 0.047 0.568 R. Leg: La. Posterior 0.152 0.555 
L. Arm: La. Exterior 0.331 0.536 R. Leg: La. Inferior 0.349 0.388 
L. Hand: Handback 0.218 0.496 R. Leg: La. Exterior 0.001 0.926 
L. Hand: Palm 0.088 0.166 R. Foot: Instep 0.206 0.678 
L. Leg: Up. Anterior 0.033 0.398 R. Foot: Sole 0.005 0.891 
L. Leg: Up. Posterior 0.112 0.834 Whole Body 0.170 0.612 
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As an example, Figure 7.8 shows the temporal trends of body temperatures 
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Figure 7.8 Example of predicted temporal trends of body and skin 
temperatures for the spatial cold wall series (exposure 2) of McNall and 
Biddison (1970). 
The mean skin temperature and the rectal temperature were virtually constant 
over the whole exposure. It is interesting to note that the predicted local skin 
temperature of both exposed and non-exposed body parts to the cold wall did 
not perform significantly different trend as expectation e.g. left and right 
shoulder, left and right hand, and exterior sector of upper left and right arm, 
respectively. An exception only neck in which the predicted skin temperature of 
the left hand side (exposed) body part was significant higher than the right hand 
side (non-exposed) body part about 0.9 DC. 
The predicted local skin temperatures of some main body parts obtained as 
averages of the five exposures (condition 1, 2, 5, 7, and 9) are presented in Table 
7.19. The results for all body sectors are provided in Appendix E, Table E.13. 
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Table 7.19 Average local skin temperatures of the main body parts obtained for 
the five environmental conditions at the exposure time of 90 min for the spatial 
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L. Arm: Upper exterior 
L. Arm: Lower exterior 
L. Hand: Handback 
L. Leg: Upper exterior 
L. Leg: Lower exterior 
L. Foot: Instep 
R. Shoulder 
R. Arm: Upper exterior 
R. Arm: Lower exterior 
R. Hand: Handback 
R. Leg: Upper exterior 
R. Leg: Lower exterior 


























The corresponding local skin temperature differences are listed in Table 7.20. 
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Table 7.20 Local skin temperature differences, ATsk,i averaged for the five 
exposures of the spatial cold wall exposure of McNall and Biddison (1970). 
Body sector 
L. Foot: Instep 
L. Hand: Handback 
R. Foot: Instep 
L. Leg: Lower Exterior 
R. Hand: Handback 
L. Arm: Lower Exterior 
L. Face 
R. Leg: Lower Exterior 
Neck: L. Exterior 
R. Arm: Lower Exterior 
R. Face 
Head 
L. Leg: Upper Exterior 
Neck: R. Exterior 




R. Leg: Upper Exterior 
R. Shoulder 




























The 'coldest' body parts with the lowest .JTsk,i values were those sectors of the 
extremities which were directly exposed to the cold wall, i.e. the left foot (instep) 
and the left hand (handback). The simulation results indicated that abdomen 
would be the warmest body part in which the highest .JTsk,i values were 
predicted. 
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7.5 Developing the local comfort model 
The physiological simulations of subjects exposed to asymmetric radiation as 
described in Chapters 6 and 7.4 showed good agreement with the experimental 
results investigated. The simulations provided all the physiological parameters 
which might be important for modelling human local perceptual responses. 
These included local and mean skin temperatures, local sweat rates and blood 
flow rates, body core temperatures, the general thermo-regulatory states, etc. 
The simulations provided a first indication of possible strategies how to model 
the experimentally observed local thermal comfort responses. This initial 
analysis indicated that ranking the local skin temperature signals might provide 
useful information on (i) the location of the body, and (ii) potentially, on the 
magnitude of local discomfort perceived under given boundary conditions. 
In this section, local thermal comfort responses to asymmetric radiation are 
modelled by correlating experimentally observed local perceptual responses (in 
term of the percentage of dissatisfied) with predicted physiological responses 
using statistical regression analysis methods. According to thermophysiological 
research, the perception of local cold and warm discomfort seems to be based on 
different physiological mechanisms involving signals from 'cold' and 'warm' 
cutaneous thermoreceptors, e.g. Hensel (1981). Correspondingly, the modelling 
approach should use punitive signals from the skin which are defined as the 
difference between the actual local skin temperature, Tsk,i, and the 
corresponding reference value: 
~Tsk,i= Tsk,i -Tsk, ref 
The Tsk,ref reference values refer e.g. to local skin temperatures under thermo-
neutral boundary conditions (Ta<TR<30°C, still air, 40% of RH, 0.8 met activity 
level and no clothing) listed in Appendix E (Table E.1) or other 
thermophysiological conditions at the skin. Negative LlTsk,i-signals represent 
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'cold' thermoreceptors, positive LlTsk,i-signals represent 'warm' cutaneous 
thermoreceptors. 
For each exposure, the cold and warm signals are to be determined for each 
body part then ranked, and the most extreme positive and/or negative signals 
selected to be plotted against the experimentally observed local comfort 
responses. Local cold discomfort can then be modelled as a function of negative 
LlTsk,i-signals and the local warm discomfort as a' function of positive LlTsk,i-
signals. 
7.5.1 Local cold discomfort (LCD) 
The experimental series of Fanger et al. (1980 and 1985) and the spatial cold 
wall series of McNall and Biddison (1970) were used to develop the model for 
predicting local cold discomfort responses. The analysis of the LlTsk,i-signals 
obtained from simulations described in section 7.4 (Le. using local skin 
temperature setpoints Tsk,l,o as reference values) indicated that the location at 
the body where local cold discomfort was perceived in the experiments was not 
always coincident with the lowest LlTsk,i-signals. The predicted LlTsk,i-signals are 
collected together with information on the corresponding body parts, and the 
percentage of dissatisfied due to LCD in Table 7.21. 
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Table ,.21 LtTsk,i-signals obtained for various asymmetric radiation exposures, 
Fanger et al. (1980 and 1985) and McNall and Biddison (1970). 
Type of Author of Ex~osure time minI 
exposure experiments 90 120 150 180 210 (30)# (60)# -.t9f!t 
%LCD 6.3 12.5 37.5 50.0 43.8 
~Tsk.i -2.230 -2.580 -2.870 -3.120 -3.410 
warm/hot Fanger et al. [K] -2.210 -2.480 -2.700 -2.940 -3.210 
ceiling (1980) Legs 00 Feet Feet Feet Feet 
Body pos) (inst) (inst) (inst) (inst) 
part Feet Legs 00 Legs 00 Legs 00 Legs 00 
(inst) pos) pos) ~os) J.?.os) 
%LCD 0.0 0.0 0.0 6.3 6.3 
~Tsk.i -2.910 -3.220 -3.250 -3.320 -3.220 
cool/cold Fanger et al. [K] -2.370 -2.870 -3.070 -3.200 -3.220 
ceiling (1985) Hands Hands Hands Hands Hands 
Body (Hnbek) (Hnbek) (Hnbek) (Hnbek) (Hnbek) 
part Feet Feet Feet Feet Feet 
(lns!l (lnst) lInst) lIns!} (lnst) 
%LCD 0.0 0.0 0.0 0.0 6.3 
~Tsk.i -2.530 -2.830 -3.220 -3.540 -4.130 
warm/hot Fanger et al. [K] -2.470 -2.690 -3.130 -3.090 -3.470 . 
wall (1985) R. Hand R. Hand R. Hand R.Hand R. Hand 
Body (Hnbek) (Hnbek) (Hnbek) (Hnbek) (Hnbek) 
part R. foot R. foot R. foot R. foot R. foot 
(lnst) (lnst) (lnst) (lnst) (lnst) 
%LCD 3.1 0.0 9.4 28.1 37.5 
~Tsk.i -2.680 -2.790 -2.860 -3.080 -3.170 
cool/cold Fanger et al. [K] -2.430 -2.610 -2.830 -2.920 -2.980 
vertical (1985) L.Hand L. Hand L. foot L. foot L. foot 
panel Body (Hnbek) (Hnbek) (lnst) (lnst) (lnst) 
part L. Leg 00 L. foot L. Hand R. foot R. foot 
pos) (lnst) 1Hnbek) (lnst) 1lnst) 
%LCD 0.0 0.0 0.0 - . 
~Tsk.i -2.46 -2.24 -2.34 - -
McNall and [K] -2.18 -2.18 -2.11 
Biddison - . cold wall L. Hand L. Foot L. Foot 
(1970) Body (Hndbek) (lnst) 11nst) - -
part R. Hand L. Hand R. Foot 
(Hnbek) (Hnbek) (lnst) - -. . . . Note: /I denotes the exposure tIme for the experIments of McNall and BIddIson 
(1970). 
According to Table 7.21, the affected body parts would only be hands, lower legs 
and feet. In the experiments, however, local cold discomfort was also sensed at 
other region of the exposed body side, Fanger et al. (1980 and 1985). 
Chapter 7: Modelling human local thermal comfort responses to asymmetric radiation 188 
Plotting the percentage of subjects feeling local cold discomfort in the 
experiments over the corresponding ~Tsk,i-signals from Table 7.21 reveal a 
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Figure 7.9 Percentage of subjects feeling local cold discomfort as a function of 
the ~Tsk,i-signals from Table 7.21. 
The analysis of the experimental and simulated data revealed that the fonowing 
aspect need to be considered when modelling LCD. 
Firstly, using LiTsk,i-signals which incorporate local setpoints (Tsk,l,o) would 
suggest that local cold discomfort is perceived when LiTsk,i < 0 K, i.e. when a 
local skin temperature is lower than the corresponding local value in an 
environment of Ta= 30°C. However, experimental observations as well as daily 
experience show that local discomfort is not necessary perceived in any 
environments that are cooler than the thermophysiologically neutral conditions 
ofTa= 30°C. 
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Rather, various experiments, e.g. Gagge et al. (1967), Gonzalez and Gagage 
(1973), and Hardy (1970), have shown that the perception of local cold 
discomfort is related in some way to the overall thermal state of the body. The 
'normal' distribution of skin temperature varies with the ambient temperature. 
Thereby, the local skin temperature can fall, especially in extremities, well below 
its thermo-neutral value. Only if the local Tsk,i deviates from the average body 
skin temperature, Tsk,m, to a certain degree than LCD is perceived (Wyon and 
Sandberg, 1990). A widely applicable LCD model has to account for this effect. 
This was accomplished by redefining the local punitive signal from the skin as 
the difference between the local skin temperature, Tsk,i, and the mean skin 
temperature, Tsk,m: 
L\Tsk,i = Tsk,i - Tsk,m. 
Secondly, the analysis of the data clearly indicated that there is a further 
physiological quantity that influences the human sensation of local cold 
. discomfort, i.e. the local skin sensitivity. Nadel et al. (1973), Steven et al. (1973), 
and Crawshaw et al. (1975) measured local sensitivity coefficients for cold 
stimuli at different parts of the human body including face, chest, upper back, 
abdomen, upper legs, lower legs, upper arms and lower arms. Their results are 
summarised in Appendix E (Table E.15). 
These results were used to obtain local sensitivity coefficients for each of the 59 
skin sectors of the humanoid. For this purpose, any area-weighting factors were 
eliminated from the original data and the coefficients were recalculated to 
obtain a total of unity keeping the relative local proportions equal to the 
measured data. For some body sectors (head, shoulders, hands and feet) no 
information was available. In these cases the local sensitivities were obtained as 
averages of coefficients of the closest body parts for which measured data was 
available. 
The area-weighting was removed from the original data based on the findings of 
Steven et al. (1974) who discovered that the human local sensation of thermal 
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(dis)comfort is independent of the skin area to which a thermal stimulus is 
applied, provided the affected skin area is Ask > 60 cm2. For Ask < 60 cm2 the 
magnitude of discomfort decreased proportionally to the decrease of stimulated 
Ask. In the model, the sensitivity coefficients of sectors which surface area was 
less than 60 cm2 (forehead and anterior neck) were recalculated to include the 
effect of reduced skin area on the perceptual response. The local cold sensitivity 
coefficients used in this study are listed in Table 7.22. 
Table 7.22 Model's coefficients of sensitivity to cold stimuli. 
Body Body Cold Body Body Cold 
sector part sensitivity sector part sensitivity 
Head forehead 0.0310 upper arms anterior 0.0152 
head 0.0389 (L&R) posterior 0.0152 
Face anterior 0.0389 inferior 0.0151 
left exterior 0.0389 exterior 0.0151 
right exterior 0.0389 lower arms anterior 0.0151 
Neck anterior 0.0214 (L&R) posterior 0.0151 
posterior 0.0274 inferior 0.0108 
L. exterior 0.0274 exterior 0.0108 
R. exterior 0.0274 Hands hand back . 0.0108 
Shoulders left 0.0228 (L&R) palm 0.0108 
right 0.0228 upper legs anterior 0.0171 
Thorax anterior 0.0202 (L&R) posterior 0.0171 
posterior 0.0228 inferior 0.0171 
L. inferior 0.0228 exterior 0.0171 
R. inferior 0.0228 lower legs anterior 0.0107 
Abdomen anterior 0.0228 (L&R) posterior 0.0107 
posterior 0.0152 inferior 0.0107 
L. inferior 0.0152 exterior 0.0107 
R. inferior 0.0152 Feet instep 0.0107 
(L&R) sole 0.0107 
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With the above modification, the local cold stimulus, LCS, used to develop the 
LCD-model is calculated as follows: 
Les = (Tsk,i-Tsk,m)*Csk,c,i (7·3) 
where LCS = local cold stimulus, [K] 
Tsk,i = local skin temperature of a body sector, rOC] 
Tsk,m = mean skin temperature of the body, rOC] 
Csk,c,i = skin sensitivity coefficient of body sector i with respect to 
local stimuli. [-] 
The predicted LCS-signals obtained for all analysed exposures are presented 
together with the corresponding measured LCD-responses and information on 
the affected body parts in Table 7.23. 
--------~~--~~~~----~------------~---------1\92 
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Table 7.23 Sensitivity-weighted local cold stimuli and LCD responses obtained 
for the 'coldest' body parts in the experimental series of Fanger et al. (1980 and 
1985) and McNall and Biddison (1970). 
Type of Author of Exposure time [min] 
exposure experiments 90 120 150 180 210 (30)# (60t (90)# 
%LCD 6.3 12.S 37.S 50.0 43.8 
LCS -2.506 -2.794 -3.104 -3.370 -3.530 
warm/hot Fangeret -2.186 -2.357 -2.709 -3.221 -3.487 
ceiling aI., (1980) Feet Feet Feet Feet Feet Body (inst) (inst) (inst) (inst) (inst) 
part Legs 00 Legs 00 Legs 00 Legs 00 Legs 00 
pos) pos) pos) pos) pos) 
%LCD 0.0 0.0 0.0 6.3 6.3 
LCS -2.250 -2.570 -2.890 -3.029 -3.050 
coolJcold Fanger et al. -1.909 -1.770 -2.890 -1.781 -1.824 
ceiling (1985) Hands Hands Hands Hands Hands Body (Hnbck) (Hnbck) (Hnbck) (Hnbck) (Hnbck) 
part Feet Feet Feet Feet Feet 
(Inst) (Inst) (Inst) (Inst) (Inst) 
%LCD 0.0 0.0 0.0 0.0 6.3 
LCS -2.677 -2.912 -3.168 -3.338 -3.583 
-1.723 -2.150 -2.679 -3.208 -3.530 
warm/hot Fanger et al. R.Arm R.Arm R.Arm R.Arm R.Arm 
wall (1985) Body (10. (10. (10. (10. (10. 
pos) pos) pos) pos) pos) 
part L.Leg L.Leg L.Leg L.Leg L.Leg 
(Up ant) (Up ant) (Up ant) (Up ant) (Up ant) 
%LCD 3.1 0.0 9.4 28.1 37.S 
LCS 
-2.250 -2.613 -2.880 -3.221 -3.317 
coolJcold Fanger et aI. -2.197 -2.517 -2.741 -3.050 -3.114 
vertical (1985) L. Foot L. Foot L. Foot L. Foot L. Foot 
panel Body (Inst) (Inst (Inst) (Inst) (Inst) 
part L.Leg L.Arm L.Arm L.Arm L.Arm 
(lopos) (10. Ext) (10. Ext) (10. Ext) (10. Ext) 
%LCD 0.0 0.0 0.0 0.0 -
-2.65 -2.57 -2.53 -2.40 
LCS -2.12 -2.47 -2.75 -2.86 
McNall and -2.45 -2.32 -2.26 -2.12 -
cold wall Biddison L.Arm L.Arm L.Arm L.Arm L.Arm 
(1970) Body 
JLoposl (10 pos) (10 pos) (lopos) (10 pos) 
L.Foot L. Foot L. Foot L. Foot L. Foot 
part (Inst) (lnst) (lnst) (lnst) (lnst) 
L.Arm L.Arm L.Arm L.Arm L.Arm 
(10 ext) (10 ext) (10 ext) (10 ext) (10 ext) . . Note: /I denotes the exposure tIme for the experIments of McNall and Biddison 
(1970). 
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There was a good agreement regarding the location on the body where local 
discomfort was perceived in the experiments and the body parts predicted as 
being the 'coldest' using the new 'sensitivity-weighted' punitive signals. Only for 
exposures in which the percentage of dissatisfied was insignificant (Le .. 
cool! cold ceiling) there were still discrepancies regarding the predicted and 
observed location on the body where LCD was perceived. 
The percentage of subjects who perceived local cold discomfort due to 
asymmetric radiation in the experiments of Fanger et al. (1980 and 1985) and 
McNall and Biddison (1970) are plotted against the sensitivity-weighted LCS-
. signals in Figure 7.10. The trend of the data was modelled using an exponential 
function that asymptotically approaches the lower and upper limit assumed to 
be at 0 and 100% of dissatisfied: 
LCD = ___ 1_00 __ _ 
1+ exp(a ·LCS +b) 
where Les is the local cold stimulus according to equation 7.3 and a and bare 
coefficients to be determined from available measured and simulated data. 
Equation (7.4) can be performed linearization for purposes of regression 
analysis as follows: 
( 
100 ) In ---1 =a·LCS+b 
LCD 
The analytical solution was then performed with Y = In( 100 -1) and X = LeS 
LCD 
and where a and b is regression coefficient to be determined by regression 
analysis. The LCD responses correlated well with the sensitivity weighted LCS 
signals with a correlation coefficient R2=0.791. The regression analysis[l] 
revealed a= 3.390 ± 0.091 and b= 11.511 ± 0.277. 
[1] The experimental data from the hot wall series of Fanger et al. (1985) showed a large 
discrepancy from the general trend of all other experiments and was thus excluded for the 
analysis. 
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With the regression results the final equation of the percentage of people being 
dissatisfied due to local cold discomfort (LCD) becomes: 
{ I } LCD = x IOO 1 + exp(3.390 x Les + 11.5 11 ) 
where LCD = Percentage of dissatisfied due to local cold discomfort, 
LCS = Local cold stimulus 
= (Tsk,i- T sk,m) * C sk,c, i. 
Equation 7.6 can also be written as: 
LCD = 100 
1+ 9.981 * 1 04 e3 391.C 
[%] 
[K] 
The regression line is drawn together with the experimental data in Figure 7 .10. 
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Figure 7.10 Percentage of dissatisfied du to LCD as a function of en itivity-
weighted LCS-signals. 
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Local warm discomfort (LWD) 
As mentioned in section 7.5, LWD, i.e. the percentage of dissatisfied due to local 
warm discomfort, modelled as separate perceptual response. As with LCD, the 
first step of the analysis was to evaluate the ~Tsk,i- signals defined as the 
difference between the actual local skin temperature, Tsk,i and the corresponding 
temperature setpoint, Tsk,l.o. 
The local signals ~Tsk.i=Tsk.i-Tsk.l.o obtained for the 'warmest' body parts from 
the simulations of the experimental series of Fanger et a1. (1980 and 1985) and 
the experimental series of McNall and Biddison (1970) described in section 7.4.1 
to 7.4.6 are sorted in ascending order and listed together with measured LWD-
responses in Table 7.24. 
Table 7.24 ~Tsk.i- signals of the 'warmest' body parts and the percentage of 
dissatisfied due to LWD for the Fanger et a!. (1980 and 1985) and McNall and 
Biddison (1970) experiments. 
Type of Exposure time min] Author 90 120 150 exposure (30)- (60)# (90)- 180 210 
%LWD 0.0 12.5 25.0 56.3 62.5 
ATsk,i 0.020 0.000 0.270 0.650 0.90 
warm/ 
Fanger rKl -0.040 0.020 0.120 0.300 0.41 
et al. Abdomen Abdomen hot ceiling (1980) Body (Ant) (Ant) Shoulders Shoulders Shoulders 
part Arms Thorax Thorax Thorax Thorax 
(Up ext) (Ant) (Ant) (Ant) (Ant) 
%LWD 0.0 0.0 0.0 0.0 0 
cool/cold Fanger 
ATsk,i -0.35 0.48 -0.48 -0.45 -0.40 
et al. [Kl ceiling (1985) Body Legs Legs Legs Legs Legs 
part (La ant) (La ant) (La ant) (La ant) (La ant) 
%LWD 0 0 0 6.3 6.3 
~T5k,1 0.33 -0.75 1.32 2.18 2.60 
warm/ Fanger [K] -0.06 -0.60 1.17 1.67 1.90 
hot wall et al. L.Arm L.Arm L.Arm L.Arm L.Arm (1985) Body (Up ext) (Up ext) (Up pos) (Up pos) (Up pos) 
part Abdomen L.Arm L.Arm L.Arm L.Arm 
(L) (Uppos) (Up ext) (Up ext) (Up ext) 
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Table 7.24 ,(continued) 
Type of Author 
Exposure time I min] 
90 120 150 exposure (30t (60t . (90)11 180 210 
%LWD - - 30.38 - -
ATs~i 0.61 1.07 1.31 -
[K]( ) 0.19 0.70 0.97 -
L.Arm L.Arm L.Arm 
Body (Up ext) (Up ext) (Up ext) - -
part (1) 
Neck (l) L.Arm l.Arm (Up pos) (Up pos) - -
McNall ATs~i 0.51 0.93 1.15 -
and [K]() 0.42 0.70 0.78 -hot wall Biddison l.Arm l.Arm l.Arm 
Body (Up ext) (Up ext) (Up ext) - -(1970) part (2) l.Leg l.Leg l.Leg 
(Up ext) (Up ext) (Up ext) - -
lWS(3) 0.55 0.99 1.21 - -
0.45 0.74 0.81 - -
L.Arm L.Arm L.Arm 
Body (Up ext) (Up ext) (Up ext) - -
part (3) L.Leg L.Leg L.Leg - . (Up ext) (Up ext) (Up ext) 
%LWD 0.0 0.0 0.0 0.0 9.3 
ATsk,1 -0.12 0.02 0.12 0.23 0.35 
cool/cold Fanger [K] -0.21 0.20 -0.15 0.06 0.25 et al. R.Arm vertical 
(1985) (Up. R.Arm R.Arm R.Arm R.Arm panel Body (Up. Ext) (Up. Ext) (Up. Ext) (Up. Ext) Ext) part Abdomen Abdomen Abdomen R. R. 
(Ant) (Ant) (Ant) Shoulder Shoulder 
McNall %lWD 0.0 0.0 0.0 
. -
and ATsk,i -0.11 0.21 0.42 - -cold wall Biddison [K] 
(1970) Body Feet Abdomen Abdomen - . part (lnst) (pos) (pos) . .. Note: (1) is ATsk,i -signal regardmg to the posItIOn 1, 
(2) is ~ Tsk,i -signal regarding to the position 2 and 
(3) is ~ T sk,i -signal regarding to the position 3 and 
II denotes exposure time for the experiments of McNall and Biddison 
(1970). 
The results in Table 7.24 showed relatively good agreement with experimental 
results regarding the location at the body where LWD was perceived. For the 
warm/hot ceiling series, in which the subjects perceiv~d local warm discomfort 
in the 'head region' (without specifying the exact position), the simulations 
revealed the shoulders to be the 'warmest' body parts. This exactly agrees with 
the experimental findings of McIntyre and Griffiths (1972) who found that 
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shoulders are the most affected body parts of subjects exposed to a hot ceiling. 
In the warm/hot vertical panel series, the upper arm was the warmest body part 
in both simulation and experiment. No body parts were predicted to be 'warm', 
i.e. ~Tsk,i >0 K, in the cool-ceiling series of Fanger et al. (1985). 
The signals listed in Table 7.24 are plotted against the corresponding percentage 
of people dissatisfied due to local warm discomfort in Figure 7.11. 
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Figure 7.11 Percentage of dissatisfied due to local warm discomfort drawn over 
the local temperature difference Tsk,i-Tsk,I,o obtained for the experimental series 
of Fanger et al. (1980 and 1985) and McNall and Biddson (1970). 
, 
In contrast to cold discomfort the local warm discomfort responses observed in 
the experiments already correlated quite well with the (Tsk,i-Tsk,l,o)-signal. 
Exception formed the results of Fanger's warm/hot-wall series which deviated 
vastly from the general trend of the data. A similar observation has also been 
made by the authors of the experiments in their paper. This data was therefore 
excluded from further analysis. 
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A thorough analysis of measured and predicted data indicated that local warm 
discomfort responses are best predicted using local skin temperature differences 
(Tsk,i-Tsk,l,o) as input signals when weighted by the corresponding local 
sensitivity coefficients, Csk,w,i: 
LWS = (Tsk,i-Tsk,l,o)*Csk,w,i 
where LWS = local warm stimulus, 
Tsk,i = local skin temperature of a body sector, 
Tsk,l,o = local skin temperature set point of a body sector, [OC] 
(see Appendix E, Table E.l) 
Csk,w,I = local warm sensitivity coefficient of a body sector. [-] 
The Csk,w,i coefficients are listed in Table 7.25. They were obtained from data of 
Crawshaw et al. (1975) using as similar method described for cold sensitivity 
coefficients in section 7.5.1. 
The analysis also showed that the use of mean skin tern perature, Tsk,m, as 
reference value in the LWS-signals for modelling the LWD-response would be 
less appropriate. There were two reasons for this. Firstly, in warm environments 
the mean skin temperature is subject to much smaller changes than in cooler 
environments. This is a result of the cooling effect of sweat evaporation which is 
activated in the warmth and which causes Tsk,m to be maintained fairly constant 
over a relatively wide range of warm environments. The effect of changes in 
Tsk,m on LWD would therefore be small compared to its effect on LCD and thus 
difficult to quantify by means of statistical regression analysis. 
Secondly, using Tsk,~ in the LWS-signals, would mean that, in environments 
which are cooler than the thermophysiologically neutral condition of 30°C, local 
warm discomfort would be predicted for any Tsk,i > Tsk,m, i.e. even if Tsk,i was 
lower than it's thermo-neutral setpoint Tsk,l,o (because Tsk,m in the actual 
environment was decreased compared to Tsk,m at Ta=30°C). There is no 
experimental evidence known to the author of this work which would indicate 
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such a response. In opposite, various experiments (Hensel 1981, Gagge et al. 
1967 and Mover 1976) have shown that warming the skin towards thermal 
neutrality is perceived as pleasant! comfortable rather than uncomfortable. 
Table 7.25 Model's coefficients of sensitivity to warm stimuli. 
Body Body part Warm sector sensitiviJy 
Head forehead 0.0545 
head 0.0682 
Face anterior 0.0682 
left exterior 0.0682 
right exterior 0.0682 
Neck anterior 0.0292 
posterior 0.0373 
left exterior 0.0373 
right exterior 0.0373 
Shoulders left and right 0.0222 
Thorax anterior 0.0202 
posterior 0.0222 
left & right inferior 0.0222 
Abdomen anterior 0.0222 
posterior 0.0172 
left & right inferior 0.0172 








Hands hand back 0.0043 
palm 0.0043 








Feet instep 0.0045 
sole 0.0045 
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The calculated local weighted LWS-signals obtained for all analysed 
experiments are gathered together with the corresponding LWD-responses in 
Table 7.26. 
Table 7.26 Sensitivity-weighted local skin temperature signals of the 'warmest' 
body parts and LWD-responses obtained for the Fanger et al. (1980 and 1985) 
and McNall and Biddison (1970) experiments. 
Type of Exposure time minl Author 90 120 150 exposure (30t (60)# (90)# 180 210 
%LWD 0.0 12.5 25.0 56.3 62.5 
LWS 0.03 0.00 0.60 1.44 2.00 
warm/ 
Fanger -0.06 -0.06 0.24 0.61 0.83 
et al. Abdomen Abdomen hot ceiling (1980) Body (Ant) (Ant) 
Shoulders Shoulders Shoulders 
part Thorax Thorax Thorax Thorax Thorax 
(Ant) (Ant) (Ant) (Ant) (Ant) 
%LWD 0.0 0.0 0.0 0.0 0 
cool/cold Fanger LWS -0.53 -0.73 -0.76 -0.82 -0.77 et al. ceiling 
(1985) Body Arms Arms Arms Arms Arms 
part (Lo inn (Lo inn (Lo inn (Lo inO (Lo inO 
%LWD 0 0 0 6.3 6.3 
LWS 0.37 1.70 5.11 
9.27 10.16 
warm/ 
Fanger -0.09 0.86 2.35 4.25 4.48 
et al. L.Arm hot wall 
(1985) Body L. Face L. Face L. Face L. Face (Up ext) 
part Abdomen Neck Neck Neck Neck 
(L. inn (L. ext) (L. ext) (L. ext) (L. ext) 
%LWD - 30.38 - -
LWS(I) 0.67 1.17 1.49 -
0.82 0.99 1.12 -
Body L. Face L. Face L. Face - -
Neck Neck Neck part (I) 
(L. ext) (L. ext) (L. ext) - -
LWS(2) 0.00 0.46 0.78 - -
McNall 0.56 0.72 0.85 - -
hot wall and L. Face L. Face L. Face - -Biddison Body L.Leg 
(1970) Neck Neck part (2) (Up. (L. ext) (L. ext) - -ext) 
LWS(3) 0.08 0.53 0.86 - -
0.60 0.76 0.89 - -
L. Face L. Face L. Face - -
Body L.Leg L.Leg L.Arm part (3) (Up. , (Up. ext) (Up. ext) - -ext) 
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Table 7.26 (Continued) 
Type of Author 
Exposure time [min] 
90 120 150 exposure 130)# (60t (90)# 
%LWD 0.0 0.0 0.0 
LWS -0.18 -0.03 0.13 
cool/cold 
Fanger -0.32 -0.30 -0.23 
et al. R.Arm R.Arm vertical (Up. R.Arm 
panel (1985) Body Ext) (Up. Ext) (Up. Ext) 
part Abdomen Abdomen Abdomen 
(ant) (ant) (ant) 
McNall %LWD 0.0 0.0 0.0 
cold wall and 
LWS 0.36 0.72 0.96 
Biddison Body Abdomen Abdomen Abdomen 
(1970) part (pos) (pos) (pos) 
Note: (1) is LWS -signal regarding to the position 1, 
(2) is LWS -signal regarding to the position 2 and 
























/I denotes exposure time for the experiments of McNall and Biddison 
(1970). 
For the warm/hot-ceiling and the coolj cold-vertical panel series of Fanger et al. 
(1980 and 1985), shoulders were predicted to be the warmest body parts 
whereas the left face was the warmest body region in the warm/hot wall series 
of Fanger et al (1985) and McNall and Biddison (1970). For the cool/cold ceiling 
series of Fanger et al (1985), the local stimuli were negative indicating that the 
subjects would perceive local cold rather than warm discomfort. It should be 
noted, however, in the experiment none of the subjects perceived LWD. For the 
experimental series of McNall and Biddison, the left face was predicted to be the 
warmest body part in the hot wall series whereas the posterior abdomen was the 
warmest body part in the cold wall series. 
The percentage of subjects who perceived local warm discomfort in all 
experiments analysed are plotted against the sensitivity-weighted LWS-signal in 
Figure 7.12. Similar to the local cold discomfort, the trend of the data was 
modelled using an exponential equation that approached asymptotically its 
lower and upper limit set at 0 and 100% LWD: 
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LWD = ___ 1_0_0 __ _ 
1 + exp(a . L WS + b) 
where LWS is the local warm stimulus according to equation 7.8 and a and bare 
coefficients to be determined from available measured and simulated data. 
Equation (7.9) can be performed linearization for purposes of regression 
analysis as follows: 
( 
100 ) In LWD -1 =a·LWS+b 
The analysis was then presented with Y = In( 100 -1) and X =L WS and with a 
LWD 
and b being regression coefficients to be determine by regression analysis. The 
LWD responses correlated well with the sensitivity weighted LWS signals with a 
correlation coefficient R2=0.806. The regression analysis[1] revealed a= -1.730 ± 
0.048 and b= 2.663 ± 0.121. 
With the regression results the final equation of the percentage of people being 
dissatisfaction due to local warm discomfort (LWD) becomes: 
{ I} LWD = x100 1 + exp(-1.730x LS + 2.663) 
where LWD= Percentage of dissatisfied due to local warm discomfort, 
LWD= local warm discomfort, 
= (Tsk,i-Tsk,l,o)*Csk,w,i. 
Equation 7.11 can also be written as: 
LWD= 100 




[1] The experimental data from the hot-wall series of Fanger et al. (1985) showed a large 
discrepancy from the general trend of all other experiments and was thus excluded from the 
analysis. 
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The regression line is drawn together with the experimental data in Figure 7 .12 . 
100.0 
Wannlhot ceiling (Fanger) 
90.0 . . Shoulders 
CooVcold wall (Fanger) 
80.0 • Shoulder (R) ...... I 
~ , A R Arm (Up ext) e:. 
1:: 70.0 I CooVcold ceiling (Fanger) 
0 - 0 Abdomen (Ant) E 60.0 
0 Hot wall (McNall) u 
.!a • Face (L)(1) "C 50.0 
Neck (L. ext)(1) 
E 
0 
ns 40.0 + Face (L)(2) 
~ X Neck (L ext)(2) 
iii • Face (L)(3) u 30.0 0 • L. Arm (Up ext)(3) -I 
20.0 Cold wall (McNall) 
c Abdomen (Pos) 
10.0 • Abdomen (Ant) 
- Regs. 
00 
-3.0 -2.0 - 1.0 0.0 1.0 2.0 3.0 4.0 5.0 60 7.0 
(T sk,I-T sk,I,O)*Csk,w,1 [K*100] 
Figure 7.12 Percentage of dissatisfied due to LWD a a fun ction of sen itivity-
weighted LWS- ignals. 
hapler 7: Modelling human local thermal comfort re pon es to asymmetric radiation 204 
7.6 Verification 
The experiments which were used in the model development were used to verify 
the complete model. The interesting point here was to see to what degree would 
the new regression models (which were developed using various experiments) 
would reproduce the human perceptual responses in individual exposures. 
7.6.1 Local cold discomfort 
The local cold comfort responses predicted for the experimental series of Fanger 
et al. (1980 and 1985) are plotted together with experimental results as time 
series in Figure 7.13. 
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i 70.0 i 70.0 
0 60.0 0 60.0 
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:liZ 40.0 :liZ 40.0 
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...I 10.0 ; .... ...I 10.0 J~gOr .' . . ala." ; 0.0 ... .,,, 0 . 0.0 
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-.-L. Foot (ntep) 
•••• L. Ann (Lo. Post) 
-. R Foot (ntep) 
• Fanger: Cool wei (Exp) 
Figure 7.13 Comparison of 
the predicted local cold 
comfort responses with 
experimental data (Fanger et 
al., 1980 and 1985). 
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Solid lines represent predictions using regression equation (7.4). Data points 
indicate experimental results of Fanger et al. (1980 and 1985). Generally, there 
was good agreement between the predictions and the experimental results. The 
greatest relative error resulted for the coolf cold ceiling exposure. On average 
however LCD was predicted within 6.4% of experimentally observed responses. 
A comparison of the local cold comfort responses predicted for the experimental. 
series of McNall and Biddison is plotted together with experimental results in 
Figure 7.14. 
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. ...............• L. Arm (Lo. Post) 
[] L. Foot (Instep) 
..• McNall: Cold wall (Exp) 
0.0 
Figure ,.14 Predicted and measured percentage of dissatisfied due to local cold 
discomfort in the cold-wall series of McNall and Biddison (1970). 
For the cold-wall series of McNall and Biddison (1970), the predictions 
reproduced well the experimental· results (circular shape), i.e. indicated 
negligible percentage of subjects feeling local cold discomfort. 
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,.6.2 Local warm discomfort 
Predicted LWD responses are compared with the experimental results of Fanger 
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Figure ,.15 Comparison of 
predicted local warm 
discomfort response with 
experimental series of Fanger 
et al. (1980 and 1985). 
Generally, the predictions Oines) agreed very well with the experimental results 
of Fanger et al. (data points). The average deviation was 4.2%. The model also 
predicted well the time of the onset of warm discomfort in the warm -ceiling and 
cold-wall series. 
A comparison of predicted local warm discomfort responses with the 
experimental results of McNall and Biddison (1970) is illustrated in Figure 7.16. 


















L. Face (Pos. 1) 
~ L. Face (Pos. 2) 
10 L. Face (Pos . 3) 
DB WcNall: Warm wall (Exp) 
33.4 
30.4 
Figure 7.16 Comparison of the predicted local warm discomfort and 
experimental series of McNall and Biddison (1970). 
The predicted percentage of dissatisfied due to local warm discomfort 
(rectangular bars) reproduced the experimental results of McNall and Biddson 
with 8% of average error. The greatest discrepancy resulted for the warm-wall(l) 
scenario where the model overpredicted the' percentage of dissatisfied by about 
20%. 
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7. 7 Validation 
In the validation exerCIse the model predictions were compared with 
independent experimental results which were not used in the model 
development. These included the experimental series of Olesen et a1. (1972) in 
which the subjects were exposed to various horizontal temperature 
asymmetries: cold left-warm right, cold front-warm back and warm front-cold 
back. The model was furthermore va1idated against experiments conducted in 
spaces equipped with chilled walls (Burglund and Fobelets, 1987) and chilled 
ceilings (Loveday et al., 1998 and 2002). Unfortunately, no experiments were 
found in the literature investigating thermal comfort implications of short-wave 
radiation asymmetries. 
Each experiment mentioned above was simulated using the IESD-Fiala model to 
obtain the required local and global physiological responses and the 
corresponding thermal comfort responses. The environmental and personal 
conditions were set according to the experimental conditions. The radiative heat 
exchanges with the environment were predicted by the IESD-Fiala model for 
each body sector using local view factors developed in Chapter 5. 
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7.7.1 Exposure to cold left-warm right vertical wall 
Thirty two subjects (8 females and 24 males) were employed in the experiment 
of Olesen et al. (1972). The subjects (with light clothing of 0.1 clo, males wore 
cotton briefs and shorts while females wore bikini) were exposed on their left 
hand side to vertical-cold wall and on their right hand side to vertical-warm/hot 
wall, simultaneously. In the experiment, the air temperature was constant at 
28°C. The mean radiant temperature of the chamber was maintained the same 
as the air temperature. Temperature of the vertical plane was changed in 
opposite increment of SoC every 30 minutes (by decreasing the temperature in 
one of the end walls and simultaneously increasing the temperature of the 
opposite wall). The plane radiant temperature asymmetries investigated were 5, 
10, IS and 20°C. Details of the environmental conditions in the experiment and 
simulation are presented in Appendix D (Figure D.l). The experimental results 
of the subjects experiencing local discomfort are shown in Table 7.27. 
Table 7.27 Percentage of subjects who experienced local thermal discomfort in 





Exposed time (min) 
60 90 
(10°C-level) (ls0C-Ievel) 




In the experiment no distinction was made between the sensation of warm and 
cold discomfort, i.e. the authors did not provided any information on where the 
subjects perceived local discomfort and no detailed information on what type of 
discomfort (cold or warm) they perceived. The information provided was the 
total percentage of subjects dissatisfied due to asymmetric radiation. 
The predicted local comfort responses are compared with observed responses in 
Figure 7.17. 
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Figure 7.17 Comparison of predicted local cold and warm discomfort 
responses with experimental results of Olesen et a1. (1972). 
Circular bars represent the predictions using regression equations (Eq. 7-4 and 
7.8) and rectangular bars are the experimental results of Olesen et al. (1972) 
obtained for the cold left-warm right asymmetry. For local cold discomfort, the 
predictions Oeft circular bars in Figure 7.17) agreed within 6.2% with the 
experimental data. The model predicted lower levels of local warm discomfort 
which agreed with Olesen et al. (1972) findings that in the experiments most of 
the subjects complained about cold rather than warm local discomfort. 
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7.7.2 Exposure to cold front-warm back vertical wall 
In the cold front-warm back series of Olesen et al. (1972), sixteen subjects (8 
females and 8 males) were employed. The sedentary subjects were exposed on 
their front to a vertical cold wall and on their back to a vertical warm/hot wall, 
simultaneously. Again, air and mean radiant temperature was maintained 
constantly at 28°C. Temperature of the vertical walls was changed in opposite 
increment of SoC every 30 minutes. Details of the environmental conditions in 
the experiment and simulation are provide in Appendix D, Figure D.1. The 
experimental results of the subjects experienced local discomfort are shown in 
Table 7.28. 
Table 7.28 Percentage of subjects who experienced local thermal discomfort in 












Similar to the cold left-warm right series, the experimental results only 
provided for the total percentage of dissatisfied due to asymmetric radiation. It 
is interesting to note that the level of discomfort in this type of exposure was 
significantly lower compared to the left-right asymmetric conditions. 
A comparison of predicted and observed local discomfort responses for the cold 
front-warm back asymmetric scenario (Olesen et at, 1972) is shown in Figure 
7.18. 
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Figure 7.18 Comparison of predicted local cold and warm discomfort obtained 
for the cold front-warm back series with experimental results of Olesen et al. 
(1972 ). 
For the cold front-warm back series, it can be observed that cold discomfort was 
predicted for the feet while warm discomfort arose for the posterior neck. The 
main cause of complains however was predicted to be local warm discomfort in 
this exposure. The model reproduced the level of local discomfort observed in 
the experiment very well. 
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7.7.3 Exposure to warm front-cold back vertical wall 
Sixteen subjects (8 females and 8 males) were employed in this experimental 
series. The subjects were exposed facing the warm/hot wall with their back 
exposed to the vertical cold wall. As same as the foregoing experiments, 
temperature of the vertical walls was changed in opposite increment of SoC 
every 30 minutes. Air and mean radiant temperature was kept constant at 28°C 
as in the previous experiments. The environmental conditions of the experiment 
and simulation are provided in Appendix D (Figure D.l). Thermal comfort 
responses in the experiment are listed in Table 7.29. 
Table 7.29 Percentage of subjects who experienced local thermal discomfort in 
the warm front-cold back exposure (Olesen et a1. 1972). 
Exposed time (min) 
30 60 90 120 
(SOC-level) ClooC-level) ClsoC-level) C20oC-level} 
Discomfort (%) 0.0 13·3 33·3 
The experiment indicated that facing a warm/hot surface with the back being 
exposed to a cold surface is more uncomfortable than the opposite exposure 
(Table 7.28). 
A comparison of predicted and observed local discomfort responses for the 
warm front-cold back series (Olesen et al., 1972) is shown Figure 7.19. 
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Fi~re 7.19 Comparison of predicted local cold and warm discomfort obtained 
for the warm front-cold back series with experimental results of Olesen et al. 
(1972 ). 
For this exposure the model predicted some cold discomfort at the upper right-
exterior arm and warm discomfort at the anterior abdomen. While the predicted 
level of cold discomfort was similar to the experimentally observed percentage 
of dissatisfied the warm discomfort overpredicted the experimental level 
temporarily by up to 15% (at t= 90 min). 
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7.7.4 Exposure to a cold wall in a cool environment 
Most experiments investigating the effect of asymmetric radiation on human 
comfort were conducted for global environmental conditions close to thermal 
neutrality. In this example the performance of the model is tested for overall 
conditions which were about 3°C cooler than a thermo-neutral environment, 
Berglund and Fobelets (1987). Fifty persons (25 males and 25 females) wearing 
winter clothing (0.86 cIo) were employed in the experiment. The subjects were 
exposed on their left hand side to a large vertical cold wall in a cool environment 
(operative temperature about 19°C). The experiment was conducted for four 
different mean radiant temperature (0, 5, 10 and 18°C). Details of 
environmental conditions in the experiment and in simulation are provided in 
Appendix D (Table D.9). 
A comparison of predicted and observed local discomfort responses for the cold-
wall series of Berglund and Fobelets (1987) is presented in Figure 7.20. 
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Figure 7.20 Comparison of predicted local cold discomfort obtained for the 
cold wall series with experimental results of Berglund and Fobelets (1987). 
The model predicted the coldest body parts to be hands in all exposures. This 
confirmed the findings of Berglund and Fobelets (1987) in which the cold 
perception was associated with hands. A large discrepancy resulted for the 
series # 4 (MRT of 18°C) where LCD was underpredicted by about 20%. 
Nevertheless, generally, there was a good general agreement between the 
predictions and the experimental data (Figure 7.20). 
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7.7.5 Chilled ceiling experiment 
Finally, the model was validated against experimental results of Loveday et al. 
(1998 and 2002) . In this case, it was interesting to see whether the model would 
be able to reproduce experimental observation in asymmetric radiation 
conditions in which no local discomfort was observed. In the experiment, eight 
female subjects were employed. The subjects wearing typical office clothing 
(0.75 cIo) were exposed to four ceiling temperature (22, 18, 14 and 12°C). Details 
of environmental conditions in the experiment are provided in Appendix D 
(Figure D.2). The comparison between the predicted local cold discomfort and 








1/1 50 :s 









1::9 R. Arm (Lo. Ant) 
• L. Arm (Lo. Ant) 
a Loveday: Exp 
__ 0.0 
~ 
Figure 7.21 Comparison of predicted local cold discomfort response obtained 
for the chilled ceiling experiments of Loveday et al. (1998 and 2002). 
The predictions (rectangular bars) agreed wen with the experiment data 
(circular bar) which indicated no local discomfort (Figure 7.21). The low 
percentage of 3.7% was predicted for the lower anterior arms. In the geometry 
. model used to simulate this exposure (Chapter 4, Figure 4.1), these body sectors 
were oriented permanently towards the cool/cold ceiling which might not have 
been the case in the experiment and which might be the reason for the slight 
difference between prediction and measurement. 
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7.8 Summary 
In this chapter, a new comfort model for predicting local cold discomfort (LCD) 
and local warm discomfort (LWD) responses to asymmetric radiation 
conditions were developed using available thermal comfort experiments of the 
past 30 years. LCD and LWD - which are based on different physiological 
principles - were modelled as two separate responses. LCD was found to be a 
function of the sensitivity-weighted local skin temperature as related to the 
actual general thermal state of the human body described by the mean skin 
temperature. LWD was modelled as an exclusive function oflocal influences, i.e. 
the (sensitivity-weighted) local skin temperature and the corresponding local 
setpoint value (referring to a thermo-neutral environment of 30°C). The new 
model was verified and validated using various experiments in which subjects 
were exposed to different types of asymmetric radiation conditions. The test 
showed good/acceptable level of agreement with measured data regarding the 
percentage of dissatisfied due to local discomfort, the location on the body 
discomfort was perceived, as well as the dynamics of the local response (Le. time 
dependence). 
Although a generally good level of agreement with experimental data was 
achieved, the level of reproducibility of measured local responses by prediction 
turned out to be comparably lower than for global responses. Reasons for this 
are associated with the complexity of the problem regarding geometry (exact 
body posture and position), physiology (e.g. individual differences in non-
uniformity of thermoregulatory responses, local anthropometric body data, local 
sensitivity), as well as the physics (e.g. local differences in micro-climatic 
conditions, clothing inhomogeneity) involved. Nevertheless, in contrast to 
existing methods using environmental parameters, the new model will allow the 
users to predict human comfort implications for a variety of different 
asymmetric radiation situations and environmental conditions. 
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Chapter 8 
Predicting thermal comfort responses 
in buildings 
8.1 Introduction 
Thermal simulation is an established technique for analysing the dynamic 
behaviour of whole buildings including heating demands, cooling loads, and 
solar gains. This technique has enabled the cost-effective development of 
optimum solutions regarding building design, low energy concepts, and heating, 
ventilation and air-conditioning (HV AC) strategies. Current state-of-the-art 
building simulation programs (BSP's) such as ESP-r (ESRU 1998) provide 
comprehensive predictions of indoor air temperature, humidity, and interior 
surface temperatures for specified weather and site data and HVAC system 
performance. Many BSP's predict the thermal and radiation transport in 
buildings in detail taking into account the effect of obstructions and diverse 
shading devices. Other computer tools provide the necessary information on the 
thermal and optical properties of glazing systems and other transparent 
constructions e.g. Pformmer et al. (1994) and Window 5.0 (2001). 
BSP's have been subject to analytical, inter-model "and empirical validation 
exercises, e.g. Lomas et al. (1997). They are a credible tool for determining the 
boundary conditions to which building occupants are exposed. 
In this chapter, a computerised procedure is developed which links the new 
comfort model predicting both global and local responses with a state-of-the-art 
building simulation program (BSP). The work describes the way the thermal 
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simulations should be conducted to obtain dynamic predictions of human heat 
transfer and thermal comfort. 
8.2 Choice of building simulation program 
One of the most well known, sophisticated BSPs which has a large national and 
international user community both in academia and consultancy is ESP-r 
(ESRU, 1998). ESP-r is an integrated modelling tool for the simulation of the 
thermal, visual and acoustic performance of buildings and the assessment of the 
energy use associated with the environmental control systems and 
constructional materials. ESP-r has been validated for a number of various 
buildings and has been used to explore e.g. the implications of shading, type of 
glazing, internal gains, thermal mass, rate of ventilation on indoor temperatures 
under summer and winter climate conditions, Strachan (2000). A list of the 
various validation exercises is provided in ESRU (2002). In this study, ESP-r is 
used as an example to demonstrate the linkage of a BSP with the new comfort 
model. 
8.3 Procedure of linking and postprocessing 
A computerised procedure developed here is concerned with linking ESP-r with 
the new comfort model rather than 'coupling' these two tools. In confined space, 
such as car cabins, the thermal interactions between the occupants and the 
immediate environment must be considered to enable adequate predictions of 
the indoor climate and occupant comfort conditions. This is usually 
accomplished by coupling thermal models of the car indoor environment and of 
the cars occupants. In buildings, the indoor spaces are much larger and so the 
impact of the occupancy on the indoor climate conditions does not necessarily 
need to be predicted using detailed models of the human heat transfer. 
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In ESP-r the impact of occupancy is dealt with user-defined casual/internal 
gains. The strategy here was therefore to link (rather than couple) ESP-r with 
the new comfort model allowing these two tools to be executed subsequently 
with ESP-r providing the necessary indoor climate conditions as input into the 
new comfort model. The linking procedure was accomplished and implemented 
as a Microsoft Excel spreadsheet tool with incorporated graphical and statistical 
analysis postprocesing. 
The linking procedure consists of three stages: (1) generation and preparation of 
data needed for comfort simulations, (2) prediction of occupant physiological 
responses, and (3) data postprocessing. Figure 8.1 shows a schematic diagram of 






oarameters Using IESD- postprocessing 
ESP-r - DBT Fiala model to 
results - - SurfaceT. predict Using new 
- Direct solar radiation 
physiological comfolt model: - Diffuse solar radiation 
and comfort L DandLWDto 
r-
- v. r---. -t Human - RH re ponses, i.e. predict comfort 
geometry- - Tsk,m behaviours and 
related Personal conditions - Tsk,i analysis thermal 
factors - tp-tactors - Tre discomfort of 
fp-factors 
f-- view factors Thy occupant - - -
- cp-factors - clothing - Sweat rates r- - activity DTS -
- PPD 
User input -
Sta e J g Stage 2 Stage 3 
Figure 8 .1 Schematic diagram of the linking procedure. 
In stage 1, various environmental parameter and four personal parameters (as 
shown in Figure 8 .1) are collected to create the input file needed to run the 
comfort model. Thereby the following environmental parameters are obtained 
from the ESP-r: DBT, surface temperature , direct and diffuse solar radiation. 
Depending on the detail of the building model in ESP-r the air velocity (Va) and 
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the relative humidity (RH) can either be predicted/estimated by ESP-r or 
defined by the user of the link (in case only thermal effects are considered in 
ESP-r). 
Four 'personal' parameters are: (i) local projected area factors, (ii) view factors 
between body parts and individual surrounding surfaces of the occupied zone, 
(iii) clothing and (iv) activity level of subject. The calculation of the human 
geometry-related factors described in Chapter 4 and 5 is implemented for the 
user-defined geometry in the spreadsheet software. The position of the sun 
(azimuth and altitude angles) is thereby calculated time-depending to obtain the 
projected area factors for each time-step of the simulation. The clothing 
properties (from a data base) and the activity level are simple user-defined 
parameter in the spreadsheet. All these parameters are then used to generate a 
text file as an input for the comfort simulation. 
Stage 2: the input file generated in the stage 1 is used to run the IESD-Fiala 
model and to obtain physiological responses (e.g. mean skin, local skin 
temperatures, body core temperature, sweat rates, etc). 
Stage 3: the outputs of the stage 2 are imported into the spreadsheet application 
for postprocessing and calculation of local thermal comfort responses described 
in Chapter 7. The postprocessing exercises were implemented using macro to 
read in results obtained from the stage 2 and calculate the local comfort 
responses, establish ranking lists of the most affected body parts, etc. The 
postprocessing procedure also allows to calculate further thermal comfort 
analysis is carried out corresponding the above statistical analysis figures 
including seasonal averages, standard deviations, monthly and daily, minimum 
and maximum values for both local and global thermal discomfort. 
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8.4 Simulation demonstration 
8.4.1 The building 
An existing building, the Brockshill Environment Centre (BHEC), was chosen as 
an example to demonstrate the predictive capabilities of the link. The BHEC 
building is located on the southern edge of the city of Leicester, UK. It was 
opened to the public in April 2001 as a facility owned and operated by a small 
council with the objective of promoting energy and environmental awareness to 
the surrounding communities. The building (Figure 8 .2) consists of three main 
thermal zones, i.e. a restaurant, a conservatory and a large exhibition hall with a 
classroom where educational activities are based for visiting school groups. 
Figure 8 .2 Brockshill Environment Centre. 
The building is a mechanically ventilated building which was also claim d as a 
super low energy building. The vcntilati n rate into the occupied spaces was 
defined as 0.25 air change per hour. Wall, floor, ceiling, and window were 
fabricated of composite element : (1) external wall was 100 mm brick, 100 mm 
thermal insulation and 100 mm exposed concrete block (U=0 .34 Wm-2K-l), (2) 
suspended ceiling/floor was 80 mm cement creed, 150 mm heavy mix concrete, 
350 mm air cavity and 10 mm plasterboard, (3) roof was insulated metal panels 
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with V-value of 0.20 Wm-2 K-t, and (4) window was low-e double glazing (V= 2.0 
Wm-2K-l). 
In the study, the restaurant was selected for the thermal comfort analysis. This 
zone features three large windows at the south fa<;ade (Figure 8.2). The thermal 
comfort analysis was performed for two locations within the re taurant zone 
with: 
1) the subject located in close proximity (1m distance) to a window in the 
south fa<;ade and 




Figure 8.3 Location of the occupant for th rmal comfort analy i . 
8 .4 .2 ESP-r simulations 
The BSP-simulations were performed a whole-year imulations usmg the 
CIBSE Design Summer Year weather data and time tep of 15 minute. Three 
cases were simulated: 
• low-e double glazing with U-value = 2.0 Wm-2 K-l, en e A (DG), 
• low-e double glazing with external shading, case B (DG+S), and 
• triple glazing with U-value of 1.8 Wm-2 K-l, cas C (TG). 
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For simplicity, all simulations were run assuming the restaurant being heated 
for room air temperature of 21°C, but, as in the real building no cooling of the 
zone was assumed for air temperatures exceeding this value. 
8.4.2 .1 Weather data 
The simulations were carried out usmg the CIBSE Design Summer Year 
recommended for detailed summer overheating analysis purposes. The hourly 
solar radiation data and the monthly averages including the corresponding 
standard deviations for solar radiation, relative humidity and wind are plotted 
in Figure 804 and 8.5. 
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Figure 8.4 Hourly direct normal (Dir_ n) and diffuse horizontal (Dif_ h) solar 
radiation (left) and monthly average on direct normal (Dir_ n) and diffuse 
horizontal (Dif_ h) solar radiation (right). 
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Figure 8 .5 Monthly averages on wind speed (WS), wind direction (WD), and 
relative humidity. 
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The hourly ambient temperature of the whole year is presented in Figure 8.6. 
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8 .4.2.2 Predicted indoor climate conditions 
The annual indoor climate in the restaurant predicted by ESP-r for the three 
cases noted above are plotted in Figures 8.7 to 8.9. 
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Figure 8 .7 Annual indoor temperatures and olar radiation transmitted 
through windows into the space predicted for the re tam"ant with double glazing 
(case A). 
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Figure 8.8 Annual indoor temperatures and solar radiation tran mitted 
through windows into the space predicted for the restaurant with dOli ble glazing 
and shading device (case BJ. 
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Figure 8.9 Annual indoor temperatures and solar radiation transmitted 
through windows into the space predicted for the restaurant with triple glazing 
(case C). 
As can be observed in all three cases the hottest conditions occurred during 
June to August whereas the lowest (surface) temperatures were predicted for 
Chapter 8: Predicting thermal comforl responses in buildings 230 
the period between November and February. A summary statistics with average, 
minimum and maximum for each month are provided for analysed case in Table 
8.1. 
In July, the average zone air temperature was predicted to be 25.57, 24.70 and 
25.78°C for case A, Band C, respectively. The corresponding maximum 
temperatures reached 32.11, 30.57 and 32.34°C. The highest window surface 
temperatures (47.59°C) predicted for triple glazing in July. 
Obviously, shading devices can dramatically reduce the incoming solar radiation 
into the zone between March and September affecting DBT, MRT as well as the 
surface temperature of the window. The thermal comfort implications of these 
phenomena are discussed in section 8.4.4. 
Chapter 8: Predicting thermal comfort responses in buildings 231 
Table 8.1 Summary statistics of predicted indoor temperatures and solar gains 
for the months January, July and August. 
DBT MRT Window Direct Diffuse 
SurfaceT. Sol. Sol. rOC] rOC] rOC] [Wm-2] [Wm-2] 
Double glazing 
(case A) 
Jan Min 17.61 14.93 12.17 0.00 0.00 
Max 21.35 19.97 23.74 349.73 44.86 
Avg 21.00 19.04 14.93 8.16 5.54 
Jul Min 21.00 23.16 18.97 0.00 0.00 
Max 32.11 31.13 36.64 237.38 87.15 
Avg 25.57 26.94 25.27 35.48 34.82 
Aug Min 21.00 21.55 17.23 0.00 0.00 
Max 29.94 29.01 35.49 326.75 87.63 
Avg 23.38 24.76 23.14 41.50 29.26 
Double glazing with 
shading 
(case B) 
Jan Min 17.61 14.93 12.17 0.00 0.00 
Max 21.35 19.93 20.77 349.73 44.86 
Avg 21.00 19.01 14.87 8.16 5.54 
Jul Min 21.00 22.63 18.48 0.00 0.00 
Max 30.57 29.68 30.23 36.36 82.24 
Avg 24.70 25.89 23.72 7.53 34.08 
Aug Min 21.00 21.32 17.10 0.00 0.00 
Max 28.53 27.68 28.84 43.83 80.22 
Avg 22.64 23.77 21.59 8.09 28.36 
Triple glazing 
(case C) 
Jan Min 17.61 14.98 13.32 0.00 0.00 
Max 21.37 20.68 31.27 266.46 32.49 
Avg 21.00 19.82 16.29 6.16 3.97 
Jul Min 21.10 23.44 18.48 0.00 0.00 
Max 32.34 31.16 47.59 164.45 62.10 
Avg 25.78 27.15 27.01 23.55 24.73 
Aug Min 21.00 21.94 17.14 0.00 0.00 
Max 30.25 29.15 44.75 235.80 62.70 
Avg 23.62 25.04 24.79 28.95 20.88 
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For further companson three days were selected representing the worst 
conditions predicted for the three cases in the restaurant. The statistical analysis 
implemented in the linking and postprocessing procedure revealed the 1st of 
January to be the coldest and 11 July and 21 August the hottest indoor climate 
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Figure 8.10 Predicted indoor climate conditions in the restaurant during the 
coldest and the hottest days of the year. 
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Blue marks represent the mean radiant temperature, MRT, whereas red marks 
are the inner surface temperatures of the window. Dotted lines are the dry bulb 
temperature, DBT, in the zone. Dark grey and green lines indicate the direct and 
the diffuse radiation transmitted through glazing, respectively. 
8.4.3 Thermal comfort simulation 
As mentioned in section 8.4.1, the thermal comfort analysis was performed for 
two locations within the restaurant zone with: 
1) the occupant located in the close proximity of a large window (Pos. 1 in 
Figure 8.3) and 
2) the occupant located in the middle of the restaurant (Pos. 2 in Figure 
8.3)· 
At position 1, the humanoid was placed facing the west, i.e. the left hand side of 
the body was exposed to the window. In position 2, the humanoid was facing the 
south, i.e. the window. The comfort simulations were performed for time steps 
D.t= 15 minutes. 
8.4.3.1 Environmental conditions 
In the comfort simulations most of the environmental conditions were directly 
obtained from the ESP-r results. These data included the zone air temperature 
(DBT), the inner surface temperature of the window, the mean radiant 
temperature of the zone (MRT), and the direct and diffuse solar radiation 
transmitted through the window, Figure 8.7 to 8.10. The comfort simulations 
were performed with a constant air velocity of 0.10 mls for winter and 0.15 for 
the summer season, respectively. The relative humidity was assumed to be 
constant at 50% through the year. 
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8.4.3.2 Radiation modelling 
The human radiative heat transfer calculations were carried out taking into 
account both the long- and short-wave radiation in the occupied zone. To 
simplify the calculation the long-wave radiation heat exchanges from individual 
body parts were calculated with respect to (i) the window and (ii) the rest of the 
room. The corresponding local view factors for Pos. 1 and Pos. 2 are listed in 
Table 8.2 and 8.3. The view factor of the whole body with respect to window at 
the position 1 and 2 in Figure 8.3 was 0.16 and 0.01, respectively. The 
temperature of the rest of the room was calculated from the zone mean radiant 
temperature predicted for each time step by ESP-r using the whole body view 
factors obtained for Pos. 1 and 2. A typical long-wave emissivity of 0.95 was 
assumed for all surfaces of the envelope in the calculations. The emissivity of the 
body surface varied locally depending on the covering material (see clothing file 
in Appendix D, Table D.s) 
The short-wave radiation calculations were performed with respect to both 
direct and diffuse solar radiation in the space. For Pos. 1, the amount of direct 
solar radiation incident at individual body parts was computed from the amount 
of direct radiation transmitted through the glazing as predicted by ESP-r and 
using local projected area factors which were predicted dynamically for the 
position of the sun at the given time, season, and location of the building. For 
Pos. 2, it was assumed that no body part was irradiated by a direct beam. The 
level of diffuse radiation was estimated separately for Pos. 1 and Pos. 2 from the 
total amount of solar radiation transmitted through the windows into the zone 
assuming an even distribution of solar rays in the perimeter zone of the 
restaurant (Pos. 1) and within the entire zone (Pos. 2). The short-wave radiation 
calculations were performed using an average short-wave absorptivity of 0.7 for 
the clothing (skin: 0.67). 
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Table 8.2 View factors of individual body sectors predicted for a sedentary 
person located at the close proximity to the window (Pos. 1 in Figure 8.3). 
View factor View factor 
Body parts 
Window Rest of 
Body parts 
Window Rest of room room 
Forehead 0.210 0.769 L. Leg: Up. Inferior 0.000 0.563 
Head 0.212 0.752 L. Leg: Up. Exterior 0.456 0.320 
Face: Anterior 0.215 0.610 L. Leg: 1..0. Anterior 0.145 0.855 
L. Face 0.653 0.232 L. Leg: 1..0. Posterior 0.158 0.551 
R. Face 0.000 0.885 L. Leg: 1..0. Inferior 0.000 0.741 
Neck: Anterior 0.165 0.602 L. Leg: 1..0. Exterior 0.442 0.482 
Neck: Posterior 0.164 0.779 L. Foot: Instep 0.213 0.673 
Neck: L. Exterior 0.538 0.292 L. Foot: Sole 0.009 0.888 
Neck: R. Exterior 0.000 0.833 R. Shoulder 0.037 0.849 
L. Shoulder 0.255 0.629 R. Arm: Up. Anterior 0.041 0.423 
Thorax: Anterior 0.209 0.704 R. Arm: Up. Posterior 0.046 0.954 
Thorax: Posterior 0.182 0.807 R. Arm: Up. Inferior 0.187 0.419 
Thorax: L. Inferior 0.218 0.237 R. Arm: Up. Exterior 0.001 0.953 
Thorax: R. Inferior 0.002 0.462 R. Arm: 1..0. Anterior 0.220 0.205 
Abdomen: Anterior 0.092 0.398 R. Arm: 1..0. Posterior 0.000 1.000 
Abdomen: Posterior 0.194 0.806 R. Arm: 1..0. Inferior 0.060 0.553 
Abdomen: L. Inferior 0.374 0.294 R. Arm: 1..0. Exterior 0.027 0.837 
Abdomen: R. Inferior 0.000 0.667 R. Hand: Handback 0.079 0.632 
L. Arm: Up. Anterior 0.146 0.329 R. Hand: Palm 0.028 0.232 
L. Arm: Up. Posterior 0.395 0.605 R. Leg: Up. Anterior 0.147 0.281 
L. Arm: Up. Inferior 0.027 0.569 R. Leg: Up. Posterior 0.032 0.904 
L. Arm: Up. Exterior 0.533 0.420 R. Leg: Up. Inferior 0.220 0.343 
L. Arm: 1..0. Anterior 0.001 0.425 R. Leg: Up. Exterior 0.000 0.776 
L. Arm: 1..0. Posterior 0.550 0.450 R. Leg: 1..0. Anterior 0.203 0.797 
L. Arm: 1..0. Inferior 0.055 0.560 R. Leg: 1..0. Posterior 0.137 0.570 
L. Arm: 1..0. Exterior 0.351 0.516 R. Leg: 1..0. Inferior 0.298 0.438 
L. Hand: Handback 0.233 0.481 R. Leg: 1..0. Exterior 0.000 0.927 
L. Hand: Palm 0.098 0.156 R. Foot: Instep 0.177 0.707 
L. Leg: Up. Anterior . 0.033 0.398 R. Foot: Sole 0.003 0.893 
L. Leg: Up. Posterior 0.122 0.824 Whole Body 0.161 0.621 
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Table 8.3 View factors of individual body sectors predicted for a sedentary 
person located in the middle of the room (Pos. 2 in Figure 8.3). 
View factor View factor 
Body parts 
Window Rest of 
Body parts 
Window Rest of room room 
Forehead 0.049 0.930 L. Leg: Up. Inferior 0.008 0.555 
Head 0.007 0.957 L. Leg: Up. Exterior 0.003 0.773 
Face: Anterior 0.039 0.786 L. Leg: Lo. Anterior 0.063 0.937 
L. Face 0.013 0.871 L. Leg: Lo. Posterior 0.000 0.709 
R. Face 0.013 0.872 L. Leg: Lo. Inferior 0.019 0.722 
Neck: Anterior 0.051 0.716 L. Leg: Lo. Exterior 0.015 0.909 
Neck: Posterior 0.000 0.943 L. Foot: Instep 0.015 0.871 
Neck: L. Exterior 0.009 0.821 L. Foot: Sole 0.002 0.896 
Neck: R. Exterior 0.009 0.824 R. Shoulder 0.005 0.880 
L. Shoulder 0.005 0.879 R. Arm: Up. Anterior 0.036 0.428 
Thorax: Anterior 0.050 0.863 R. Arm: Up. Posterior 0.000 1.000 
Thorax: Posterior 0.000 0.989 R. Arm: Up. Inferior 0.000 0.606 
Thorax: L. Inferior 0.003 0.453 R. Arm: Up. Exterior 0.013 0.941 
Thorax: R. Inferior 0.003 0.462 R. Arm: Lo. Anterior 0.019 0.406 
Abdomen: Anterior 0.035 0.455 R. Arm: Lo. Posterior 0.001 0.999 
Abdomen: Posterior 0.000 1.000 R. Arm: Lo. Inferior 0.000 0.613 
Abdomen: L. Inferior 0.000 0.669 R. Arm: Lo. Exterior 0.035 0.829 
Abdomen: R. Inferior 0.000 0.667 R. Hand: Handback 0.016 0.696 
L. Arm: Up. Anterior 0.036 0.439 R. Hand: Palm 0.000 0.259 
L. Arm: Up. Posterior 0.000 1.000 R. Leg: Up. Anterior 0.010 0.419 
L. Arm: Up. Inferior 0.000 0.597 R. Leg: Up. Posterior 0.004 0.933 
L. Arm: Up. Exterior 0.013 0.940 R. Leg: Up. Inferior 0.008 0.555 
L. Arm: Lo. Anterior 0.019 0.406 R. Leg: Up. Exterior 0.003 0.773 
L. Arm: Lo. Posterior 0.001 0.999 R. Leg: Lo. Anterior 0.063 0.937 
L. Arm: Lo. Inferior 0.000 0.614 R. Leg: Lo. Posterior 0.000 0.707 
L. Arm: Lo. Exterior 0.035 0.832 R. Leg: Lo. Inferior 0.019 0.718 
L. Hand: Handback 0.016 0.698 R. Leg: Lo. Exterior 0.015 0.911 
L. Hand: Palm 0.000 0.254 R. Foot: Instep 0.015 0.869 
L. Leg: Up. Anterior 0.010 0.421 R. Foot: Sole 0.002 0.894 
L. Leg: Up. Posterior 0.004 0.942 Whole Body 0.014 0.768 
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8.4.3.3 Personal conditions 
In order to account to some degree for seasonal changes in clothing, two 
different indoor ensembles were used in the simulations. From May to 
September, the subject was assumed to wear a long sleeve ensemble comprising 
long sleeve shirt, trousers, underwear, sweat sock and shoes. The overall clo 
value of this clothing is about 0.6 clo. A jacket was added to this ensemble 
resulting in an overall clo-value of 1.1 clo to simulate the clothing of the 
occupant between October and April. The local thermal and evaporative 
resistances of the both ensembles used in the simulations are listed in Table D.S 
(Appendix D). Throughout the year the activity level was assumed to be 1.2 met 
which corresponds to a typical indoor sedentary activity. 
8.4.4 Thermal comfort analysis 
The thermal comfort predictions under the double glazing scenario (case A) for 
both locations (Le. close to the window and in the middle of the zone) are 
described in section 8.4.4.1 to 8.4-4.2. The comparison of the three different 
scenarios thermal discomfort according to three worst days is presented in 
section 8.4.4-4. 
8.4.4.1 Zone perimeter: case A 
The percentage of dissatisfied due to both global and local discomfort predicted 
for the occupant located close to the window during the course of a year is 
plotted in Figure 8.11. 
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Figure 8.11 Global and local thermal discomfort predicted for a person located 
at close to the window. 
The yellow line is the predicted PPD whereas green and red line reprc ent the 
local cold (LCD) and warm discomfort (LWD) of the per on, respectiv ly. For 
most of the year the thermal dissatisfaction was mainly due to global discomfort 
(PPD). The local cold discomfort was a major concern only in January. 
Significant local warm discomfort occurred mainly in March and July. Local 
warm discomfort was also the main cause of thermal dissatisfaction in Augu t 
and occasionally in October and November. 
The course of predicted local discomfort of the 'coldest' body parts is plotted for 
the month 'January' and 'August' in Figure 8.12. 
Chapler 8: Predicting thermal com/orl responses in bUildings 239 
100.0 
90.0 Jan - R. Handback 

















0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
100.0 
,..... 90.0 
~ Aug - R. Handback 0 ...... 80.0 










iV 20.0 . (.) 
0 
....J 10.0 .-J.-. 
0.0 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Day 
Figure 8 .12 Local cold discomfort in January and Augu t. 
As can be seen LCD exceeding 20% occurred in January. The most affected body 
part was the left hand (handback) which was expo ed to the cold window. In 
August LCD did not exceed 10%. There was no LCD for the whole month of July. 
Local warm discomfort (LWD) predicted for the above three month i plotted 
in Figure 8.13. 
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Figure 8 .13 Local warm discomfort predicted for January, July and August. 
Considerable LWD was predicted for the neck (left exterior) during July and 
August. This body part was directly exposed to solar radiation and the hot glass 
surface therefore exceeding 90% on 21 and 22 August. In January, local warm 
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discomfort occasionally occurred at the neck as a result of direct radiation from 
the sun which elevation did not exceed 30° on this day (Figure 8.13, top). 
In the close proximity of the window in addition to the neck, local warm 
discomfort was perceived mainly at the exposed parts of the upper and lower 
extremities. This local warming also influenced the overall thermal discomfort 
of the body (shown in Figure 8.11). 
8 .4 .4 .2 Zone core: case A 
The comfort responses predicted for the subject located in the middle of the 
restaurant are plotted over the whole year in Figure 8.14. 
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Figure 8.14 Global and local thermal discomfort predicted for a person located 
in the middle of the restaurant. 
Similar to the person located close to the window, for most of the year ( xcept 
January) the thermal dissatisfaction was mainly due to global discomfort (PPD). 
Local cold discomfort was of some concern in January, and occasionally in 
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September, October, November and December. In contrast to the perimeter 
some noticeable LWD, with values exceeding 50%, only occurred in July. 
The local cold discomfort predicted for the subject located in the middle of the 
zone is presented for January and August in Figure 8.15. The observations are 
very similar to those made for the subject in the zone perimeter. Noticeable 
LCD, i.e. about 20% on average, occurred only in January. In August LCD did 
not exceed the level of 6%. Again, no LCD occurred in July. Similarly to the zone 
perimeter, the body parts most affected by LCD were the handbacks. 
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Figure 8 .15 Local cold discomfort for January and August predkted for a 
person seated in the middle of the restaurant. 
LWD predicted for the middle of the zone during January, July and August are 
plotted in Figure 8.16. 
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Figure 8 .16 Local warm discomfort predicted for January, July and August in 
the middle of the restaurant. 
The subject wa predicted to perceive con id rable local warm di comfort 
reaching up to 58% in July at upper leg. Some LWD was perceived at feet in 
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August (about 18%) and in January effectively no local warm discomfort 
occurred, i.e. LWD <10% (Figure 8.16, top). 
8 .4 .4 .3 Monthly thermal comfort 
An example for monthly comfort analysis is provided in Figure 8 .17. The 
predictions obtained for 15 minutes intervals were averaged over each month 
for the whole year and both locations within the restaurant. The line with 
marks indicate predictions for the subject located close to the window whereas 
condensed lines stand for the location in the middle of the zone. 
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Figure 8 .17 Monthly averages of global and local thermal discomfort predicted 
for the core and the perimeter of the resta urant. 
The highest monthly average PPD resulted for July for the perimeter. With 38.9 
± 33.3% this value was clearly higher than the corresponding PPD obtained for 
the middle of the room (30.1 ± 23.7%). Both PPD values were higher than the 
corresponding local warm discomfort responses (25.5 ± 10.6% for Pos. 1 and 
22.9 ± 904% for Pos. 2). In January, local cold discomfort was the main reason 
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for dissatisfaction with 23.4 ± 4.2% and 21.0 ± 2.7% for the subject close to the 
window and at the middle of the zone, respectively. 
The average PPD for the whole year was 20.8 ± 24.9% for the subject in the 
close proximity to the window but only 14.2 ± 13.7% for the subject located in 
the middle of the zone. Only a small number (an average about 5%) of occupants 
would perceive local cold discomfort at both locations. However, a higher 
percentage of occupants would suffer from local warm discomfort (12.2 ± 7.7%: 
close to, the window and 10.9 ± 5.3%: at the middle of room). More detailed 
information is provided in Tables F.1 to F.3 (Appendix F). Table 8.4 lists those 
body parts predicted to be mostly affected by local discomfort (>10%) for each 
month of the year. 
Table 8.4 Body parts mostly affected by local discomfort for each month 
during the course of the year. ' 
Local cold discomfort Local warm discomfort 
Month (LCD) (LWD) 
POS.1 POS.2 POS.1 POS.2 
Jan Handbacks Handbacks - -
Feb - - - -
Mar - - L. neck, Abdomen, Up L. arm (ext) feet 
Apr - - L. shoulder, Abdomen, L. neck feet 
May - - L. Neck, Feet, feet Up legs (ant) 
Jun - - Up legs (ant), Up legs (ant), L.neck feet 
L. neck, Up legs (ant, 
Jul - - Up L.leg (ext), ext and pos), 
Up L. arm (ext) Feet 
Aug - - L. Neck, Feet, L. shoulder Up legs (ant) 
Sep Handbacks Handbacks - -
Oct - - L. Neck, L. shoulder -
Nov - - - -
Dec Handbacks Handbacks - -
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The person was predicted to perceive noticeable (>10%) local cold discomfort in 
January, September and December both in Pos. 1 and Pos. 2. The only body 
parts affected were hands. This was associated with the general 
thermoregulatory state of the body (vasoconstriction in the hands) rather than 
any radiant asymmetries. 
The comfort analysis using the new model revealed LWD to be the main cause 
of thermal dissatisfaction due to local effects in the restaurant. In contrast to 
LCD, however, several body parts were affected depending on the 
thermoregulatory states of the body, the clothing worn, and the asymmetric 
radiation conditions in the space. In the zone perimeter, body parts directly 
exposed to the window and incoming solar radiation i.e. left neck, left shoulders 
and left leg were the most affected body parts whereas warm feet and warm legs 
were frequently predicted to be the cause oflocal warm discomfort in the middle 
of the zone. 
8.4-4.4 Analysis of seasonal thermal comfort 
As an example for seasonal comfort analysis, the seasonal averages of PPD, LCD 
and LWD (with the corresponding standard deviations) are compared for the 
person located close to the window and in the middle of the restaurant for case 
A in Figure 8.18. 
During the summer season (June, July and August) global thermal discomfort 
(PPD) was clearly the major cause of thermal dissatisfaction both at the 
perimeter and in the middle of the restaurant with 31.8 ± 31.2% and 22.3 ± 
19.7%, respectively. Local warm discomfort reached 19.4 ± 10.0 % near the 
window and 16.6 ± 7.2% in the middle of the room. In the winter season 
(December, January and February), although the level of local cold discomfort 
was not negligible, global discomfort (PPD) was the main reason of complaints 
both in the zone core and perimeter. This is lower reproduced by the seasonal 
averages rather by the corresponding standard deviations. 









.!!2 50 "0 
iii 




a.. 20 a.. 
10 
0 
winter spring summer autumn 
• PPO (Pos. 1) • LCD (Pos. 1) • LWO (Pos. 1) 
o PPO (Pos . 2) [J LCD (Pos. 2) LWO (Pos. 2) 
I 
Figure 8 .18 Seasonal average value of global and local disc mfort of 
occupants at Pos. 1 and Pos. 2. 
In the spring (March, April and May) the subject would feel overall significantly 
warmer near the window (23.9 ±26.7%) than in the middle of the room (14.2 ± 
10.8%). For autumn conditions (September, October and November) both typ 
oflocal discomfort, i.e. warm and cold, were predicted to be at imilar lev Is for 
both the core and the perimeter of the zone (see al 0 Table F4 to F6, Appendix 
F). During this season occupant discomfort wa dominated by the global 
response especially in the zone perimeter. 
8 .4 .4 .5 Comparison of different design scenarios 
These comparisons were carried out for the per on located cIo e to the window 
(Pos. 1) for the following three day: 1st January, 11th July and 21st Augu t as 
mentioned in section 8.3.2.2. The result obtained for the three design scenarios 
investigated, i.e. double glazing (ca e A), double glazing with ext rnal shading 
(case B) and triple glazing (ca e C) are plotted together in Figure 8.19. 
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Figure 8 .19 Predicted PPD, LCD and LWD on three days for the per on 
located in close proximity of the window. 
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On 1st January no local warm discomfort (LWD) was predicted for either case. 
Considering local cold discomfort (LCD), there were no significant differences 
among the three scenarios analysed. Interestingly, in case of triple glazing PPD 
was significantly lower than for double glazing with and without shading device. 
The analysis of the warmest days, i.e. 11 July and 21 August, indicated that the 
value of shading for occupant comfort in the zone perimeter. This measure not 
only significantly reduced the amount of solar radiation transmitted through the 
window and thus the amount of solar energy absorbed by the human body but 
also avoided an excessive increase of the glazing surface temperatures and the 
air temperature of the zone (Figure 8.7 to 8.9). As a result the maximum PPD 
and LWD dropped by about 30% and 40%, respectively compared to the cases 
without shading. 
There was no significant effect of triple glazing on PPD and LWD during hot 
days compared to the case of double glazing without shading. These figures were 
only slightly lower than those obtained for case A. This is interesting because the 
maximum window surface temperature was up to noC higher than in case A 
(Figure 8.7 to 8.9). This was however compensated by the reduced amount of 
solar radiation transmitted through the window and absorbed by the human 
body. 
It might be concluded that shading devices would significantly improve indoor 
climate conditions for the occupants in summer whereas triple glazing would 
help to improve the internal conditions in winter. 
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8.5..-- Summary 
In this chapter the new comfort model was linked with the dynamic building 
simulation program ESP-r to predict thermal comfort conditions in buildings 
and to demonstrate the predictive abilities of the new thermal comfort model 
for practical applications. Researchers and engineers can use such a link to 
quantify the thermal comfort implications of different building designs and 
constructions, optimise low energy concepts, heating systems/or ventilation and 
air-conditioning (HV AC) strategies. 
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Chapter 9 
Conclusions and recommendations 
This chapter concludes the main outcomes of the work conducted for this thesis. 
It also presents recommendations that might be considered for future research 
work. 
9.1 Summary and conclusions 
A more universal, physiologically based, model for predicting human local 
thermal comfort responses in asymmetric radiation environments was 
developed. The model includes detailed calculations of the human long-wave 
and short-wave radiative heat exchange for individual parts of the human body 
represented by 3D computational humanoids. 
9.1.1 Choice of simulation tools 
A numerical simulation tool, RadTherm, which is capable of dealing with highly 
complex geometries (such as the human body) and complex boundary 
conditions was used in this study. The software incorporates advanced, voxel-
based ray tracing techniques to enable fast and accurate radiation predictions. 
The technique produced sufficiently accurate results of view factors compared 
with available analytical solutions as presented in Chapter 3. 
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9·1.2 Local projected area factors 
The 3D humanoids consisting of 59 body sectors were used to model local 
projected area factors for individual body parts. The projected area factors were 
modelled for both direct and diffuse short-wave radiation using regression 
analysis methods. 
A validation study of the projected area factor showed good agreement with 
experimental results of Underwood and Ward (1966), (Fanger (1970), Jones et 
a1. (1998) and Tanabe et a1. (2000), as described in Chapter 4. Discrepancies 
between predicted and measured data appeared to be associated mainly with 
differences in posture and with the fact that the simulations were performed for 
parallel rays with the high intensity source being at an infinite distance from the 
body whereas the experiments were performed for finite distances. 
The projected area factor equations developed in this study can be used to 
predict the irradiation and absorption of direct and diffuse solar radiation over 
the 3D surface of the human body. Bio-meteorologists and other scientists can 
use the equations to perform detailed analysis of the effect of solar radiation on 
human beings exposed to outdoor weather conditions. This information can 
then serve, for example, to develop bio-climatic charts and rationally derived 
operative temperatures which characterise the outdoor climate conditions 
including the effect of solar radiation on humans. Another possible application 
of the equations, besides any thermal effects, is the prediction of the UV-dose 
and the assessment of the associated health risks and possible injuries to 
exposed body parts. 
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Local view factors 
In this study, a finite element method was used to model view factors between 
individual body sectors and surrounding surfaces. The model was developed as 
a function of the projected area factors resulted in Chapter 4. Good agreement 
was shown for both standing and sedentary posture when compared with 
available experimental results of Fanger (1970), and Horikoshi et al. (1990) as 
presented in Chapter 5. Good agreement was achieved also for close distance 
between the body and the surfaces although some discrepancies between 
predicted and measured data appeared. These were associated with the 
limitations of the method used in which each body sector was represented by a 
point in the centre of each sector. 
The new model enables predicting view factors of individual parts of the human 
body with respect to any arbitrary surrounding surface and can thus be for 
detailed human radiation analysis of inhomogeneous environments. 
Human physiological responses to asymmetric 
radiation 
The developed models for predicting human local geometry-related 
characteristics, i.e. projected area and view factors of individual body sectors 
were incorporated in the IESD-Fiala multi-segmental mathematical model of 
human heat transfer and thermal comfort. The extended physiological model 
was then validated against available experimental data specifically for local 
physiological responses to asymmetric radiation. The validation showed good 
general agreement with measured data on local skin, body core and mean skin 
temperature, i.e. Fanger et al. (1980 and 1985), Hall and Klemm, (1967 and 
1969), and Hodder (2002). 
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New local comfort model 
The new comfort model for predicting local perceptual responses was developed 
based on experiments conducted by Fanger (1980 and 1985) and the extensive 
experiments of Mcnall and Biddison (1970). The verification exercise showed 
that the new comfort model reproduced wen experimental data of those 
authors. Validations showed that the model also reproduced well independent 
experiments which were not used to develop the model, i.e. Olesen et al. (1972), 
and Loveday et al. (1998 and 2002). The model also showed good general 
agreement with experimental results obtained for non-neutral overall indoor 
climate conditions (Berglund and Fobelets, 1987). 
The model was linked with a state-of-the-art dynamic building simulation 
program (BSP) to predict both global and local thermal discomfort in buildings. 
Sample simulations were carried out for an existing building and using the 
CIBSE Design Summer Year recommend for summer overheating analysis 
purposes. Using the link of the new comfort model with BSP it is possible to 
quantify the thermal comfort implications of different building designs and 
constructions and to perform daily, weekly, monthly, seasonal and annual 
statistical thermal comfort analysis. 
The new comfort model predicting both local and global responses is intended 
to assist architects, designers, engineers, building simulation vendors, and 
researchers when quantifying the comfort performance of buildings, BV AC 
systems or individual built constructions such as windows, radiator heated floor 
or chilled ceilings. For example, new high-performance windows reduce the 
energy cost of heating, cooling and electrical lighting. However, while the 
energy-related issues of windows are well understood, the thermal comfort 
implications are not. The model will provide the necessary information to 
understand human comfort implications and will help to differentiate between 
products on the basis of their comfort qualities in different climates and 
building types. 
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Thermal and solar radiation is also a substantial issue for human comfort inside 
cars, aircraft cabins and other artificial environments. Some experimental 
investigations have been conducted in this regard. At present, however, there 
are no strategies for heating, ventilating and air-conditioning that would 
adequately take into account and compensate for the impact of solar and 
thermal radiation on their occupants. The new model would facilitate the 
integration of such effects into control strategies for these specific indoor 
climates. 
9.2 Suggestions for future research work 
9.2.1 Human body geometry models 
The human body geometry models developed for purposes of this project 
represent an unclothed 'average' sedentary and standing male person. For 
future studies similar models can be developed to represent a female person 
which would take into account the gender-specific body characteristics in the 
human radiant heat transfer. 
In future, predicting physiological and perceptual responses of individuals using 
'personalised' models might become an important issue in a number of research 
areas. In addition, to average persons there might thus be need for geometry 
models that consider individual differences in antropometric and body-
composition data such as body weight, body size and age of person 
(adult/child). The application of the latest computer simulation technology and 
mesh manipulation tools would facilitate the creation of such personalised body 
geometry models. These tools will enable creating radiation geometry models 
also for specific body postures and clothed-body-contours such as car-driving, 
walking/running, or humans wearing protective clothing. These models will be 
of importance in diverse industrial, sport research, and heath and safety 
applications. 
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9.2.2 Modelling local perceptual responses 
The new comfort model predicts the percentage of dissatisfied due to local 
discomfort using local skin temperatures as the only punitive signals and the 
local sensitivity to 'cold' and 'warm' stimuli of the human skin. The model was 
developed using available experimental trials conducted mainly under overall 
conditions that referred to thermal neutrality. The validation work carried out 
as part of this project showed that the new model is able to predict local 
discomfort also under overall conditions that are colder than thermo neutral 
environments. Further work will be required to validate the model also for 
warm and hot overall conditions. This work could not be accomplished due to 
the lack of adequate experimental data. 
The next step in the development of a more universal thermal comfort model 
would be to model human perceptual responses to draughts, (Fanger et al., 
1977). The sensation of draughts involves a strong dynamic component (de Dear 
et al., 1989) caused by fluctuations of air flows (turbulent intensity) which are 
not presented in the sensation of local discomfort due to asymmetric radiation. 
This research would suggest extending the existing comfort model' for a 
specifically dynamic component based on simulation and analysis of available 
experimental investigation on the sensation of draughts, i.e. Fanger and 
Pedersen (1977), Fanger et al. (1988), and Mayer and Schwab (1990). 
Future work might also concentrate on including further punitive signals in 
addition to local skin temperatures and its time-related derivatives. For 
example, the sensation of local thermal discomfort of humans involved in higher 
than sedentary (and quietly-standing) activities and/or exposed to non-neutral 
overall environmental conditions is likely to be affected by further signals from 
the body core i.e. the hypothalamus temperature (and associated efferent 
signals such as skin wettedness, Gagge et a1., 1986). The availability of adequate 
experimental investigation would make this modelling research possible. 
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Further experimental investigations 
The experiments used to develop the local thermal comfort model referred to 
asymmetric thermal radiation conditions and, in most cases, thermoneutral 
overall environmental conditions. Future investigations might concentrate on 
studies of thermal comfort in warm and hot conditions including intense solar 
radiation. In addition, local comfort responses of humans exercising at activity 
levels higher than sedentary should be considered for future experiments. 
More detailed experiments are needed on the local skin sensitivity to cold and 
warm stimuli for use with higher resolution models. Experimental data on local 
sensitivities is still missing for some body parts such as neck, shoulders etc. 
Furthermore, experiments used in this project provided information on 
percentage of dissatisfied due to local discomfort. Future experiments should 
also provide information on the actual comfort and thermal sensation votes. 
Thereby, the asymmetric radiation conditions investigated should also include 
IR-radiation and solar radiation. 
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Table A.l Comparison of numerically calculated view factors between two 
parallel plates with the corresponding analytical results. 
Distance c Im] 
0.5 1 1.5 2 
Analytical solution 0.41525 0.19982 0.11071 0.06859 
L\e 
Numerical solution M M L\e L\e [%] 
[%] [%] [%) [%] 
Min Averctae 
Low 
1 ray 0.41680 0.37 0.19596 1.93 0.10987 0.75 0.06620 3.48 0.37 1.63 resolution 
2rays 0.41971 1.07 0.19794 0.95 0.10884 1.69 0.06998 2.03 0.95 1.43 
3rays 0.41845 0.77 0.19916 0.33 0.10857 1.93 0.06796 0.92 0.33 0.99 
4rays 0.42192 1.61 0.20117 0.67 0.11099 0.25 0.06790 1.01 0.25 0.89 
5rays 0.42051 1.27 0.20165 0.91 0.11097 0.23 0.06736 1.79 0.23 1.05 
Min 0.37 0.33 0.23 0.92 0.23 
Average 1.02 0.96 0.97 1.84 1.20 
Max 1.61 1.93 1.93 3.48 
Medium 
1 ray 0.41493 0.08 0.20049 0.33 0.11081 0.09 0.06636 3.25 0.08 0.94 resolution 
2rays 0.41478 0.11 0.20120 0.69 0.11092 0.19 0.06804 0.81 0.11 0.45 
3rays 0.41560 0.08 0.20045 0.31 0.11009 0.55 0.06792 0.97 0.08 0.48 
4rays 0.41657 0.32 0.19982 0.00 0.11029 0.38 0.06822 0.54 0.00 0.31 
5rays 0.41669 0.35 0.19920 0.31 0.11105 0.31 0.06800 0.85 0.31 0.46 
Min 0.08 0.00 0.09 0.54 0.00 
Average 0.19 0.33 0.31 1.28 0.53 
Max 0.35 0.69 0.55 3.25 
High 
1 ray 0.41493 0.08 0.19888 0.47 0.10873 1.79 0.06615 3.55 0.08 1.47 resolution 
2rays 0.41517 0.02 0.19911 0.36 0.10948 1.11 0.06726 1.94 0.02 0.86 
3rays 0.41486 0.09 0.19967 0.08 0.10965 0.95 0.06744 1.68 0.08 0.70 
4rays 0.41610 0.20 0.19938 0.22 0.11044 0.24 0.06771 1.29 0.20 0.49 
5rays 0.41586 0.15 0.19984 0.01 0.11038 0.30 0.06790 1.01 0.01 0.36. 
Min 0.02 0.01 0.24 1.01 0.01 
Average 0.11 0.23 0.88 1.89 0.78 
Max 0.20 0.47 1.79 3.55 
Very high 
1 ray 0.41440 0.20 0.19981 0.01 0.10928 1.29 0.06722 2.00 0.01 0.87 resolution 
2rays 0.41486 0.09 0.19968 0.07 0.10956 1.04 0.06722 1.99 0.07 0.80 
3rays 0.41483 0.10 0.19971 0.06 0.11016 0.49 0.06798 0.88 0.06 0.38 
4rays 0.41553 0.07 0.19959 0.12 0.11025 0.41 0.06786 1.06 0.07 0.41 
5rays 0.41506 0.05 0.19963 0.10 0.11018 0.47 0.06816 0.63 0.05 0.31 
Min 0.05 0.01 0.41 0.63 0.01 
Average 0.10 0.07 0.74 1.31 0.56 




























Table A.2 Comparison of numerically calculated view factors between two 
perpendicular plates with the corresponding analytical results. 
Length 8 m] 
0.5 1 1.5 2 
Analytical solution 0.29237 0.20004 0.14822 0.11643 
~e 
Numerical solution M M Ae Ae (%J [%] [%] [%J [%] 
Min Average 
Low 1 ray 0.29060 0.61 0.20103 0.49 0.14504 2.14 0.11564 0.67 0.49 0.98 resolution 
2rays 0.29595 1.22 0.20054 0.25 0.14863 0.28 0.11668 0.22 0.22 0.49 
3rays 0.29324 0.30 0.20023 0.09 0.14748 0.50 0.11695 0.45 0.09 0.33 
4rays 0.29393 0.53 0.19973 0.16 0.14709 0.76 0.11630 0.11 0.11 0.39 
5rays 0.29345 0.37 0.19961 0.22 0.14647 1.18 0.11609 0.29 0.22 0.51 
Min 0.30 0.09 0.28 0.11 0.09 
Average 0.61 0.24 0.97 0.35 0.54 
Max 1.22 0.49 2.14 0.67 
Medium 1 ray 0.29601 1.24 0.19990 0.07 0.14842 0.14 0.11637 0.05 0.05 0.38 resolution 
2rays 0.29206 0.11 0.19972 0.16 0.14764 0.39 0.11593 0.42 0.11 0.27 
3rays 0.29137 0.34 0.19991 0.07 0.14775 0.31 0.11605 0.33 0,07 0.26 
4rays 0.29238 0.00 0.20007 0.01 0.14824 0.02 0.11643 0.00 0.00 0.01 
5rays 0.29282 0.15 0.20022 0.09 0.14849 0.18 0.11656 0.11 0.09 0.13 
Min 0.00 0.01 0.02 0.00 0.00 
Average 0.37 0.08 0.21 0.18 0.21 
Max 1.24 0.16 0.39 0.42 
High 
1 ray 0.28503 2.51 0.20030 0.13 0.14812 0.06 0.11640 0.03 0.03 0.68 resolution 
2rays 0.28460 2.66 0.20024 0.10 0.14823 0.01 0.11648 0.05 0.01 0.70 
3rays 0.28471 2.62 0.20011 0.03 0.14817 0.03 0.11644 0.01 0.01 0.67 
4rays 0.28426 2.78 0.20018 0.07 0.14833 0.08 0.11649 0.06 0.06 0.75 
5rays 0.28422 2.79 0.20006 0.01 0.14832 0.07 0.11642 0.00 0.00 0.72 
Min 2.51 0.01 0.01 0.00 0.00 
Average 2.67 0.07 0.05 0.03 0.70 
Max 2.79 0.13 0.08 0.06 
Very high 1 ray 0.29284 0.16 0.20007 0.01 0.14812 0.07 0.11624 0.16 0.01 0.10 resolution 
2rays 0.29271 0.11 0.20010 0.03 0.14824 0.02 0.11643 0.00 0.00 0.04 
3rays 0.29251 0.05 0.20009 0.03 0.14822 0.00 0.11642 0.00 0.00 0.02 
4rays 0.29260 0.08 0.20013 0.04 0.14825 0.02 0.11646 0.03 0.02 0.04 
5rays 0.29256 0.06 0.20012 0.04 0.14823 0.01 0.11644 0.01 0.01 0.03 
Min 0.05 0.Q1 0.00' 0.00 0.00 
Average 0.09 0.03 0.02 0.04 0.05 




























Table A.3 Comparison of numerically calculated view factors between cylinder 
and plate with the corresponding analytical results (case a). 
Distance a [m] 
0.5 I 1 I 1.5 I 2 
Analytical solution 0.23772 10.09678 10.04804 10.02769 
6e 
6e 
Numerical solution £\e 6e £\e [%J 
[%J [%J [%J [%J 
Min Average Max 
Low 1 ray 0.23893 0.51 0.09643 0.35 0.04767 0.77 0.02781 0.44 0.35 0.52 0.77 resolution 
2rays 0.23935 0.69 0.09638 0.41 0.04818 0.29 0.02717 1.87 0.29 0.81 1.87 
3rays 0.24006 0.99 0.09646 0.33 0.04788 0.33 0.02727 1.53 0.33 0.79 1.53 
4rays 0.24023 1.06 0.09687 0.10 0.04756 0.99 0.02729 1.46 0.10 0.90 1.46 
5rays 0.24027 1.07 0.09654 0.24 0.04778 0.55 0.02763 0.22 0.22 0.52 . 1.07 
Min 0.51 0.10 0.29 0.22 0.10 
Average 0.86 0.28 0.58 1.10 0.71 
Max 1.07 0.41 0.99 1.87 1.87 
Medium 1 ray 0.23953 0.76 0.09638 0.41 0.04785 0.39 0.02802 1.19 0.39 0.69 1.19 resolution 
2rays 0.23921 0.63 0.09719 0.43 0.04791 0.26 0.02779 0.36 0.26 0.42 0.63 
3rays 0.23905 0.56 0.09694 0.17 0.04780 0.50 0.02763 0.21 0.17 0.36 0.56 
4rays 0.23891 0.50 0.09682 0.05 0.04799 0.11 0.02760 0.32 0.05 0.24 0.50 
5rays 0.23898 0.53 0.09645 0.34 0.04797 0.14 0.02776 0.25 0.14 0.32 0.53 
Min 0.50 0.05 0.11 0.21 0.05 
Average 0.60 0.28 0.28 0.47 0.41 
Max 0.76 0.43 0.50 1.19 1.19 
High 1ray 0.23348 1.78 0.09649 0.30 0.04754 1.03 0.02776 0.25 0.25 0.84 1.78 resolution 
2rays 0.23343 1.80 0.09687 0.10 0.04806 0.04 0.02766 0.11 0.04 0.51 1.80 
3rays 0.23798 0.11 0.09655 0.23 0.04805 0.02 0.02756 0.46 0.02 0.21 0.46 
4rays 0.23796 0.10 0.09677 0.01 0.04780 0.51 0.02756 0.48 0.01 0.27 0.51 
5rays 0.23800 0.12 0.09672 0.06 0.04801 0.07 0.02770 0.04 0.04 0.07 0.12 
Min 0.10 0.01 0.02 0.04 0.01 
Average 0.78 0.14 0.33 0.27 0.38 
Max 1.80 0.30 1.03 0.48 1.80 
Very high 
1 ray 0.23811 0.16 0.09680 0.02 0.04775 0.60 0.02742 0.97 0.02 0.44 0.97 resolution 
2rays 0.23805 0.14 0.09645 0.34 0.04793 0.24 0.02745 0.86 0.14 0.40 0.86 
3rays 0.23802 0.13 0.09688 0.10 0.04807 0.06 0.02772 0.12 0.06 0.10 0.13 
4rays 0.23799 0.11 0.09666 0.12 0.04804 0.01 0.02754 0.53 0.01 0.19 0.53 
5rays 0.23799 0.11 0.09680 0.03 0.04803 0.03 0.02770 0.03 0.03 0.05 0.11 
Min 0.11 0.02 0.01 0.03 0.01 
Average 0.13 0.12 0.19 0.50 0.24 
Max 0.16 0.34 0.60 0.97 0.97 
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Table A.4 Comparison of numerically calculated view factors between cylinder 
and plate with the corresponding analytical results (case b). 
Distance a [mJ 
0.5 1 1.5 2 
Analytical solution 0.29482 0.16765 0.10228 0.06688 
6e 
Numerical solution 6e 6e t.e toe [%] [%) [%) [%) [%) 
Min Average Max 
Low 
1 ray 0.29437 0.15 0.16619 0.87 0.10223 0.05 0.06543 2.17 0.05 0.81 2.17 resolution 
2rays 0.29155 1.11 0.16534 1.37 0.10246 0.17 0.06587 1.52 0.17 1.04 1.52 
3rays 0.29288 0.66 0.16674 0.54 0.10152 0.74 0.06665 0.34 0.34 0.57 0.74 
4rays 0.29339 0.49 0.16729 0.21 0.10138 0.88 0.06625 0.94 0.21 0.63 .0.94 
5rays 0.29383 0.34 0.16666 0.59 0.10152 0.74 0.06609 1.19 0.34 0.71 1.19 
Min 0.15 0.21 0.05 0.34 0.05 
Average 0.55 0.72 0.52 1.23 0.75 
Max 1.11 1.37 0.88 2.17 2.17 
Medium 1ray 0.29462 0.07 0.16842 0.46 0.10165 0.62 0.06570 1.76 0.07 0.73 1.76 resolution 
2rays 0.29494 0.04 0.16723 0.25 0.10236 0.08 0.06656 0.49 0.04 0.21 0.49 
3rays 0.29426 0.19 0.16751 0.08 0.10236 0.08 0.06650 0.57 0.08 0.23 0.57 
4rays 0.29486 0.01 0.16745 0.12 0.10236 0.08 0.06675 0.20 0.01 0.10 0.20 
5rays 0.29470 0.04 0.16733 0.19 0.10224 0.04 0.06643 0.68 0.04 0.24 0.68 
Min 0.01 0.08 0.04 0.20 0.01 
Average 0.07 0.22 0.18 0.74 0.30 
Max 0.19 0.46 0.62 1.76 1.76 
High 
1 ray 0.29558 0.26 0.16728 0.22 0.10195 0.32 0.06671 0.26 0.22 0.26 0.32 resolution 
2rays 0.29529 0.16 0.16750 0.09 0.10181 0.46 0.06761 1.09 0.09 0.45 1.09 
3rays 0.29489 0.02 0.16771 0.04 0.10216 0.12 0.06699 0.16 0.02 0.09 0.16 
4rays 0.29490 0.02 0.16739 0.16 0.10223 0.05 0.06679 0.13 0.02 0.09 0.16 
5rays 0.29487 0.02 0.16746 0.11 0.10205 0.23 0.06701 0.20 0.02 0.14 0.23 
Min 0.02 0.04 0.05 0.13 0.02 
Average 0.10 0.12 0.24 0.37 0.21 
Max 0.26 0.22 0.46 1.09 1.09 
Very high 
1 ray 0.29522 0.13 0.16813 0.29 0.10174 0.53 0.06669 0.28 0.13 0.31 0.53 resolution 
2rays 0.29478 0.02 0.16717 0.28 0.10233 0.05 0.06659 0.44 0.02 0.20 0.44 
3rays 0.29488 0.02 0.16744 0.12 0.10217 0.11 0.06670 0.27 0.02 0.13 0.27 
4rays 0.29498 0.05 0.16739 0.15 0.10237 0.09 0.06691 0.03 0.03 0.08 0.15 
5rays 0.29489 0.02 0.16762 0.01 0.10228 0.00 0.06689 0.01 0.00 0.01 0.02 
Min 0.02 0.01 0.00 0.01 0.00 
Average 0.05 0.17 0.16 0.21 0.15 
Max 0.13 0.29 0.53 0.44 0.53 
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Table B.l Polynomial of the coefficient A of the basic cosine functionfp,dir Ceq. 
4 
4.2), A = La jpj and the corresponding correlation coefficient, R. 
j=O 
Body Standing posture Sedentary posture 
sectors ao a. aa a3 a4 R ao a. aa a.1 a4 R 
Head 0.1429 -0.0284 -0.0668 0.0169 0.0000 1.00 0.1486 -0.0300 -0.0682 0.0180 0.0000 r-1-Q9-
Forehead 0.5055 0.0366 -0.2348 0.0000 0.0000 1.00 0.5144 0.0453 -0.2.~.3 0.0000 0.00.9..9 rLQQ. 
Face (anterior) 0.3178 -0.1671 0.0000 0.0891 -0.0695 0.97 0.3296 -0.1260 -0.0581 0.0720 -0.0455 0.99 
Face (R&L) 0.8526 -0.0115 -0.4797 0.0294 0.0387 1.00 0.8551 -0.0012 -0.4913 0.0263 0.0440 1.00 
~~ck (a'.!!e.riorl 0.6988 -0.4388 -0.3071 0.1816 O.Q.9.Q<L ~~~ .. 0.7272 -O.:~~Q~.:.~~~IUL~~.~~_9..:,Q~Q.~. 1.00 --~-
Neck (R&L) 0.6325 0.3031 -0.5492 -0.1331 0.1299 0.99 0.6251 0.~191 -0.5370 -O.1~69 0.1?~1 _0.9~ 
Neck (Posterior) 0.5749 0.0429 -0.2468 0.0000 0.0000 0.98 J!,§137 0.Q~91 -0.26~~..99.00~..Q.9..9 ~~ 
~houlder (R & L) 0.1568 0.19~ -0.0~81 -O.0~25 O.OO~ .~~~ Jh1~91 0.15~-=-Q,92~~,Q~~~_9..:QQQ9 0.98 
Thorax (antenor 0.5050 0.1582 -0.3273 -0.0674 0.0525 1.00 0.5334 0.2031 -0.3729 -9..:.079U:.Q~§?' .1QQ.. 
!hg':.I!X..Ji!if.~o~l 0.3660 -0.0140 -0.1465 O.OQ.QL..Q;.QQ.<}Q.. 0.97 .Q.371~:.o.?~L:o.·14~.LQ:.9..9..QCLQ.:QQQQ Q.~t 
Thorax 
{pQ~~erior) 0.5196 0.0257 -0.3047 -0.0157 0.0423 1.00 0.5371 0.0117 -0.3084 -0.0064 0.0414 1.00 .-- ---- --~--.---- .... -.-.--.. , 
Abdomen 
(Il!lJ.erior) 0.7090 -0.1368 -0.3400 0.0436 O.C!~ 1.00 ~49~6 0.?'?'Q.8 -0~Q~1 -0.0~78 O:..Q.~!P. 0.99 
Abdomen 
fJ.!if.f?!ior) 0.5141 O.oogo -0.2865 0.0000 0.03~ 1.00 0.6135 -0.0953 -0.2806 0.0528 0.0000 0.99 
Abdomen 
~~ 
. __ .. __ . __ .. __ .... _ .. _._._--_._ .. _ ... _. __ . __ .... __ .. 
(pp.§terior) 0.4876 0.0406 -0.2671 -0.0.241 0,Q34.!L J.:..QQ. 0.45~L:Q:.Q.~~ -O~~..:,Q?QUJ)Q.9.Q 1.00 
Upper arm 
1-'-'-"".-
(Ilnterior) 0.5678 -0.0414 -0.3145 0.0000 0.0445 1.00 .Q.~~_~~C!,Q.~.~.~-=!L?!I.QLQ,Q§?LQ:QQQQ. 0.99 
Upper arms 
{e.~terior) 0.5773 0.1176 -0.3420 -0.0377 0.0398 1.00 . ~~444 -O.O~1....:~.~~~ O.O§~U.:QQ.Q.o. Q:.~~ 
Upper arms 
(inierior) 0.2508 -0.2750 0.0000 0.1247 -0.0516 0.99 .0.5607 0.0~15 -O.?2?U,QQQCLQ,QQ.9.Q J.:.9.Q.. 
Upper arms 
~terior) 0.5043 0.0159 -0.2148 0.0000 O.Q..oQQ... 1.09.. Q;!~84 -0.~~§.8 -0.2009 0:.1.905 -.Q:QQQQ. 0.99 
Lower arms 
(anterior) 0.7318 0.0920 -0.3252 -0.0212 0.0000 1.00 Q:.571Q....Q,Q575 -O.?.?~3 O.OQQQ...Q,QQQ.Q 0.99 
Lower arms 
(e,xtenor) 0.7677 0.0213 -0.4289 o. Oo.g..Q....J1,Q~?~. l.Qo. ..QA?~LQ'-~~_O~-=9.,~4.?~...::Q,~t~L~.!t8.Q. 9.,.~§_ 
Lower arms 
{j!!l~nor ) 0.4570 0.0000 -0.2861 0.000U.:,Q405. 0.98 Q:.4 77U:?~1iI_:Q:£r.4.~_:.().:11~8~:.Q.~~.~ . ... 1,Q9_ 
Lower arms 
~!.erior) 0.6152 -0.1644 -0.3402 0.0655 0.0350 r19.Q.. Q.:.36~~~~.~;L:Q:~80LQ:9..~L.Q:..q.,~~. 0.99 
Hands 
__ . __ M_. __ 
(handback) 0.3494 -0.0305 -0.1566 0.0215 0.0000 0.99 Jl.7875 -0.1788 -.o.5~14 0 . .0709 0.1011 1.00 
!!!lnds _(palm) 0.2782 O.OOpO -0.1165 0.0000 0.0000 0.98 Q~5 0.0135 -.o:9._~2 O.OOQLq:..QQOO Q;~z.. 
Upper legs 
(a.,'-'.!enQr) 0.7597 0.0251 -0.4238 0.OQQ.UJ1378. 1.0Q. 0.1071 -0.03.~8 -0.91~5 0.010LQJ1~.~. 0.81 
Upper legs 
l~erigr} 0.6963 -0.0291 -0.3991 O.OQQO O.Q.~ f-tQQ 0.07l0 0.1876 O.ggoo -0.0877 O.QQQQ. 0.93 
Upper legs 
---
(i!if.(?rior) 0.6902 -0.0509 -0.4351 0.0000 0.0759 0.99 Q.72Q9 O.QQQO -O.~Q.~ 0.9QQLQ.:9.~67 1.00 ._. ,.-
Upper legs 
(pg!~_IjQr) 0.5509 -0.0317 -0.2739 0.0124 0.0200 1.00 . 0.64~1 0.04Q.2 -0.2..~99 -0:.9..124 -O.QQ~O 0.95 
Lower legs 
(t!.'!t.~o.f) 0.6848 0.0000 -0.3028 0.0000 0.0000 0.96 0.1749 -0.2020 -0.0804 0.0917 O.OQ.9_q 0.98 
Lower legs 
{~terior} 0.7382 0.0000 -0.3711 O.oqoo O.O..?.~~. 1.0Q Jl.:§.?67 0·O~69 -0.41 ~~-=.Q,Q~!!5 O.O~~..Q 1.00 
Lower legs 
fJ.rlferil?r) 0~~~Q4 -0.03.28 -0.2575 O.0.9..9.~,QQ9JL 0.99 . 0.67~.? O.~QQ.9.-=(t~?~~-ll-,QQQLQ..:,Q3.n. .1:.QQ.. 
Lower legs 
~sterior) .0.4285 0.0258 -0.2241 -0 . .0132 0.0238 1.00 .0.5785 .0.0000 -0.3114 0.0000 0.9.~~~ . 0.99 
Feet (instep) 0.1720 0.1009 0.1104 -0.0441 -0.0715 0.8~ Q.35~ -0 . .o§65 -O.~~~ 0.01QUQ44~. 1.00 
Feet (sole) 0.0472 -0.0304 -0.0219 0.0138 .0.0000 0.98 0.1832 -0.0557 -0.0835 0.0303 0.0000 0.99 
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Table B.2 Polynomial of the coefficient B of the basic cosine function/p,dir (eq. 
4 . 
4.2), B = 'Lbjpl and the corresponding correlation coefficient, R. 
j=O 
Body Standing posture Sedentar,yposture 
sectors bo b~ b. b.Of b4 R bo b~ b. b.Of b4 
Head 0.2575 0.1362 -0.0322 0.0000 0.0000 1.00 0.2573 0.1335 -0.0319 0.00000.0000 
Forehead 0.2667 0.0005 -0.1139 0.0196 0.0059 1.00 0.2728 0.0000 -0.1037 0.02480.0000 
.---.-~--. 
Face (anterior) 0.2852 0.0000 -0.2266 0.0000 0.0474 0.98 0.2782-0.0430 -0.1675 0.03860.0123 
Face (R&L) 0.0689 -0.0528 -0.0336 0.0285 0.0000 0.92 0.0692 -0.0416 -0.0350 0.0~45 0.0009, 
Neck (anterior) 0.1264 0.0394 -0.2067 0.0780 0.0000 0.98 0.1203 0.1017 -0.1350 0.00000.0000 
.. ---.-----. 
Neck (R &L) 0.1690 0.1343 -0.0636 -0.0515 0.0000 0.97 .0.1470 0.0989 -0.0128 -0.0292-.0 . .0233 
Neck (posterior) 0.3219 .0.2376 -0.1510 -0.0897 0.00.0.0 0.95 ~~91 0.2264 -.0.1319 -0.08790.0.oo,Q 
Shoulder (R & L) 0.1891 .0.4127 0.0883 -0 . .0722 .0.0000 .0.99 J!:.1.~39 .0.4316 D.Qfl90 -0.D79~Q~.QQQQ 
Thorax (anterior 0.2421 0.07.03 -0.0625 0.0.000 0.0.000 0.97 0.2586 D,Q§!~~:9--..Q~±-Q:,QQQQ~LQQQQ. 
Thorax (inferior) 0.1350 -0.1850 -0.0336 0.0591 O.OQQQ.. ~~~ g.1'!,27 -0.1661 -0.0346 0.04990.0000 
Thorax 
.-.-.~.-.--,..-.. - ....... -.. - ... ----- --
!R.~terior) .0.3539 0 . .0000 -0.1895 0.0000 0.03~ 0.~1l ~94 D.Q9QO -0.1~LQ.00QQO.D~~? 
Abdomen 
(anterior) 0.1325 0.0000 -0.1112 0.0000 O.o.~ ~~.?. ...Q:0~89 0.0.000 -0 . .Q§.35 D:Q .. Q.QQJ>..01~:! 
Abdomen 
(!7if.erior) 0.1807 0.0180 -0.0843 0.0000 0.0000 0.98 0.1055 -0.0215 -0.0287 0.00000.0000 
H._H~._._. ___ ... 
Abdomen 
wosterior) 0.2934 0.0000 -0.1057 -0.0088 0.0000 0.99 0.3658 -0.1778 -0 .. Q§'~L.Q.,Q312 O,:QOOQ 
Upper arm 
~a,nterior) 0.2420 -0.0387 -0.1203 0.03?1 O.OQQQ.. .1.00 0.1862 -0.0851 -0.0806 .0.03730.0000 ----._-_ ... _ .. _. __ .. _ ....... _ ..... _--_ .. _ .... ---..... 
Upper arms 
f1!xterior) 0.2090 .0.1402 -0 . .0391 -D.D~86 O:,QQQQ.. 0.9.!!. 0.19?.,4 0.1 ~L.:9-'.Q~~L:9..:Q~9.~Q:Q?~'! 
Upper arms 
~illlerior) 0.16,.?5 -0.1908 0.0000 0.0550 -0.0123 .... --...... --.. - .. -----.~ 0.99 .Q:2J>.~4 -.9.14 71 -~Q.~~L.9:9?79_.Q:.QQQQ 
Upper arms 
(posterior) 0.3284 0.0180 -0.2176 0.0000 0.Q4~ -I!:-~ .. . Q,273?.......Q:.Q§}..L:..Q..".Q~~L.Q:9J>9..9_Q.:.QQ9.Q . 
Lower arms 
(anterior) 0.1510 .0.1367 -0.0819 .0.000.0 .0.0000 0.99 .0.2673 0.2509 -0.1383 0.0000 0.0000 .. ... ---_ .. __ ._._ .. 
Lower arms 
(exterior) 0.0838 0.0282 0.0000 -O.Q106 0.0000 0.84 0.1616 0.1856 O:Q?~~-=.Q .017~Q:Q.Q.QQ. 
Lower arms 
~rior) 0.2240 -0.0755 -0.1289 .0.0146 0.0274 1.00 . 0.2_~-,!:Q.,,?'~~LQ.,QQ.oO 0:9~.'!.~_ O. QQQQ 
Lower arms 
(pgE.erior) 0.3051 -0.1363 -0.1757 0.0164 O.o.~ tOQ ~~~-0·~~LQ:9~05 0:Q~.~~.9:QQ9.9 
Hands 
(1]andback) 0.1967 -0.0477 -0.0151 0.000.0 O.OQ.o..Q.. .0.98 ...Q~414 D . :?~?LQ:Q.?f?L:Q:.Q41~Q:QQ_QQ 
!:!~!l~.(p~!!Il ) .0.1613 0.000.0 -O.~.31 .o.OO .. <?D O.QQ.!>'Q. . .0.97 Q:9.~~.o -Q:Q~~L-Q:.!~ .. O'~~_Q.:Q!1~.Q~QQQ9. 
Upper legs 
(g!!~erigr) 0.1033 -0.0419 -0.0271 0.0139 0 . .0000 .0.95 ...9.:Q~QLQ:~316 0.1675 -0.q?p1-Q..:Q~6 
Upper legs 
(e.!teriQr) 0.1742 -0.0153 -0.1061 0.000.0 0.0170 0.99 0.0430-0.1042 0.0317 0.01990.0000 ------_.-
Upper legs 
(!~~1jC!.!'1 .0 . .0834 -0.0889 -0.0220 0.030.0 O.QQQQ.. 0.94 0.0230 -0.1424 0.1064 .0.0691-0.0413 H_ •• _'h· ___ ", ----_._._._" 
Upper legs 
(posterior) .0.3457 -0.0614 -0.1973 0.0133 0.0210 1.00 .0.1455-.0.4860 0.1043 O:Q§,~Q:OOQQ 
Lower legs 
(anterior) 0.1902 .0.0000 -0 . .0991 0.0000 D.OQQQ.. 0.78 Q:f..~~~:Jf..51 -0,:9~~-=-Q:9?'_9.g_-0.0Q~? 
Lower legs 
{~-!t!!,=i..o,:} .0.1408 .0.0000 -0.0531 0.0.0..0...0 D&Q..QQ.. 0.94 f-Q.1497 -o.:9~~? -0·9!!~L...Q,9Jl75_9:.Q?'?'?' 
Lower legs 
(~1Jl~C?'.:) .0.1772 .0.0000 -.0.1455 D.OQQP .o.O~ 0.98 D.19!..~o..:Q~~:o..:Q?~~_Q,:QQQQ.Q,.QQQ.Q 
Lower legs 
f.P.Qsterior) .0.3663 0.0173 -0.1646 -0.0094 .0.0097 1 . .0.0 D. 32~2 -0,:Q~Q?.:Q:?._212 0.0117.0 . .0451 
Feet (instep) 0.2.021 0.1090 -0 . .0354 -0.0407 O.OQ.QQ... .~!!!. f-9·3~9LQ:?Q.9.!.:Q:9.§.40 -o..:9iQ9...QJ~QQ9. 






































Table B.3 Polynomial of the coefficients Co, C1 Corder 1) of the basic cosine 
functionfp,dir Ceq. 4.2) and the corresponding correlation coefficient, R. 
Body Standing posture Sedentary posture 
sectors coo COl R CIO CII R COO COl R CIO CII R 
Head 3.2183 ..().0758 0.35 1.0279 0.0107 0.19 3.2715 -0.1356 0.53 1.0446 0.0386 0.57 
Forehead 0.1762 ..().1081 0.75 0.9432 0.0086 0.79 0.1730 ..().1101 0.74 0.95830.0119 0.89 
Face (anterior) 0.1034 0.0510 0.82 0.9705 -0.0137 0.66 0.0946 0.0424 0.67 0.9811 0.0101 0.33 
Face(R&L) 1.4099 ..().0276 0.73 0.9990 0.0053 0.42 1.4096 ..().O142 0.4.!L 1.0014 -0.0033 ~&L ----~ ... ~ ... - .. 
Neck (anterior) 0.1090 -0.3044 0.89 0.9757 0.0795 0.81 0.0866 -0.2052 ~~~ E:~928 0.08?.~ ~,74 
Neck (R&L) 1.5495 0.0568 0.88 -0.9948 ..().O115 0.88 1.5796 -0.0166 r-Jl.~~ ~Q~.2-0.0037 ~.:2L 
Nec~sterior) 3.9317 ..().1531 0.85 1.2544 0.04~~ --'L~L ~~576 -O.~~9J r-Jl~L J.1§94 O.O?_~ 0.93 
~houlder (R & L) 2.5542 ..().7017 0.87 -1.0917 0.1903 0.92 2.640_5 -O.~~ ~~9 -1.10590.13.£. ~ 
Thorax (an,terior 0.2254 ..().0646 O·=!L ~~~7 0.0371 0.41 9.1823 -O.O~~Q ,Q:1~- 0.9414 0.0525 ~ .. -._._-_._._"._._. 
'!llorax (iriferior) 1.7660 -0.3226 0.99 0.9774 ..().O199 O·~L 1.8870 -0.3064 ~~L 1.0093 -0.0095 . .9.2L 
Thorax 
-'--'----_ .. _ .. -_._--_ ... __ .. 
(pQ~~~or) 3.9443 ..().1067 0.72 1.2474 0.0362 0.73 3.9725 ,,().07Q~ 0.55 1.2560 0.0241 ~~ 
Abdomen 
.. _-_._._-
(anterior) 0.0311 0.0496 0.99 0.9939 -0.0167 0.98 0.3130..().3398 r-Jl~L 0.9141 0.0886 0.96 
Abdomen 
... _------_ .. 
(jn1.erior) -1.7722 0.0630 0.49 0.9964 -0.0219 O·~L ~972-0.031~ 0.28 1.0295 0.0327 0.63 
Abdomen 
r--"- --" .•. _ ..._._ ..... "._-
(p1J.,gerior) 3.7547 0.1105 0.75 1.1960 -0.0328 0.74 .. ~_~~12!..Q~~a.QQ 0.99 -1.2112-0.0954 _Q~.~L - .... - -_ .... ------_.,,,_ .... _,., 
Upper ann 
(aT1~ljpr) 0.0441 ..().0360 ~J!L .~~~34 -~Q..?23 O·6.L 0.1824 -0.0975 i~~ Q~~~L=Q:Q~~q _<EL 
Upper arms 
.- .. __ ._- -_ .... __ .. 
(e.~terior) 1.5181 ..().0275 0.81 :0.9~2 0.Q~89 0.99 1.3042 0.C1.~~~ .. JL~L 1.0017 -0.0010 __ IL1!L .. _,._-----...... __ ... 
Upper arms 
(~1Jlerior ) 4.6367 0.0735 0.36 1.0185 -0.0479 0.69 4.1611 0.2058 ~.~ -1.0783-0.0700 Jl..:~_ ---.-.---.-
Upper arms 
(pQsterior) 3.4855 -0.2381 0.91 1.2105 0.0413 0.87 2.8236 -0.1378 ~~7 -1.1151 0.0588 0.80 .. .. 
Loweranns 
(I!nterior) 0.3282 0.0110 0.34 O. 9.847 -O.QQ~~ ~L ~~04 -O.O_~~ ~:27 .LQQ~Q~:.QQ9..Q .. . J.:Q!L 
Loweranns 
{exterior) 1.3362 ..().0522 0.83 -0.9997 -0.0128 0.65 0.5190-0.1895 ~~L Q~314 Q:Q.814 _~&L . . .. 
Lower arms 
(iriferior) 4.4719 0.1082 0.89 -0.9886 0.0041 0.54 3.7753 0.61~ ~~~ -0.8937 -0.0363 .~ · __ ~·M __ .M_·_M"·· 
Lower arms 
(pQsterior) 3.2771 0.2552 0.91 -1.1789 -0.0927 ~~ .1.8.~67 O.O~I?~ 0.71 -1.Q~~9 -Q;Q.!!? .~~L 
Hands 
Q!~~back) 1.2449 ..().1577 0.98 1.0007 -0.0336 0.86 .1.9315 -0.8.~_2.! ~.:..~~ -1.0090 0.0238 .J1.:.~.L 
Hands 
- ....... _ ..... _-_ ................ 
fJ>.!:t~ -4.4198 0.0184 0.26 1.0311 -O.02. .. Q<2.. ~J1~ .~:§196 0.7§§.~ 0.73 1.0254 -0.1 099 ~:§'L ...... _ .. _-_._ .. 
Upper legs 
(1l71l.~or) 0.2113 0.0786 0.93 0.9631 -0.0282 ~:!I.(L !.~_~77 -0.3 .. ~f.~ 0.88 Q:_~~~CLO.1.I?QQ 0.92 
Upper legs 
(e.~l.e..d.qr1-_ ~~.OO~~ 0.08 1.0133 0.0123 0.41 1.6596 0.0132 0.56 -1.0160 -0.0485 ._IL~L ---.- .. -._ .... __ ._ ... _. _._._ .. ". __ . __ .... _ ...... 
Upper legs 
{i!li.erior) -4.8471 -0.0048 0.09 1.0007 0.0033 0.77 -4.9084 0.0289 0.15 0.~J?45 -O.~ -.9:_iL 
Upper legs 
(pQS1~~;') 3.9764 0.1252 0.93 1.~570 -0.Q~7 0.98 1.~333 0.278~. f-~!rr... -0.9937 -0.2803 Jl~L 
Lower legs 
.. -----.-.. -~-
(anterior) 0.1308 ..().0273 0.40 0.9~?_3 -0.0080 0.55 O.f..Q§:4-"!Q719 f-~IL 0..:9737 -O;Q~§'~ ~~~ 
Lower legs 
(~te.r.fo,:) 1.5518 0.0207 0.42 1.0029 -0.0221 0.71 1.4~~5 0.0171 0.77 -1.0068-0.0269 .-1 .. ~ 
Lower legs 
------.--.-... 
(frtPripr) -4.9174 0.0436 0.65 1.0060 -O.OQ~ 0.61 ~.J~470..()J>.n5 .JlM_ 9·99~LQ."Q9A! .. ..Q,§L 
Lower legs 
f,posterior) 3.7871 ,,().04~9_ -.9~!>_ J..:.1!J!LQ:.9.935 0.14 3.6~E3.~d11!~ ~,!liL ~!:'!~~~:9..:!Q?§ JLB. .. L 
Feet (!!!~..!eP.2- 2.3696 -0.9467 0.97 0.7118 0.2209 0.98 f..:.~_~~ ,,().O~!O JL2..L :Q&~.o-O.Q~?j .~.?L 
Feet (sole) ..().6806 ..().4498 0.92 1.2242 0.3524 0.99 1.6781 0.4033 0.70 -1.2942-0.3012 0.59 
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Table B.4 Polynomial of the coefficient Dl of the shading function Sh Ceq. 4.7), 
4 
D\ = 'Ld\jpJ and the corresponding correlation coefficient, R. 
j-O 
Body Standing posture Sedentary posture 
sectors d10 dlJ d 1: d13 d14 R d10 dlJ d 1• d1.1 d14 
Head 0.0000. 0..0000 2.1243 -1.4816 0..00.0.0 0.98 0.00.0.0 0.00.0.0 2.20.67 -1.5336 0..0.0.0.0 
Forehead 0.0.00.0. 0.00.00. 0..00.0.0. 0..0.000. 0..0.0.0.0 1.0.0. 0..6670 0..00.0.0. -3.7470. 3.2480. -0.6164 
Face (anterior) 0.0.00.0. 0..0.0.0.0. 0..0.0.0.0. 0..0.0.0.0. 0..0.0.0.0. 1.0.0. 4.6866 0..0.0.0.0. -2.7218 5.3366 -2.50.0.0. 
Face (R&L) 0..1494 0..00.0.0. -0.3568 1.5754 -0.9315 0.99 0.2106 0.0000 -0.8538 1.E~Q~C -O.73~ 
Neck (anterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.0.0. 2.6061 0..0.0.0.0 -2.5611 4.4336 -1.9472 
Neck(R&L) 2.5379 16.075510.22560.0000 0.0000 1.00. 3.4391 20.0.34412.6911 0..0.900. C:OOO..Q. 
Neck (posterior) 0..0.00.0. 0..000.0 0..0.0.0.0 0..00.0.0 0..0000 1.00 0.0.00.0 0..0.0.0.0 0..0.0.0.0 0.00.00. 0.00.0.0 
Sh~M~r (R & L) -1.0723 -1.9802 3.7159 -4.7018 2.1357 0.68 -1.0341 -3.3~_Q.~~.9 .. 21 -7"'!!~£'?1~.~Q 
Thorax (anterior' 0..0.000 0.000.0 0..0.0.0.0. 0.00.0.0. 0.000.0. 1.00 0.4153 -O.2.?~8 -1.5~4 1.0§.i.6 O.09..QQ 
Thorax (iriferior) -3.0367 0.00.0.0. 1.1617 0.00.0.0 0.00.0.0 0..90. -2.9529 0..7515 -0..0.939 -0.5965 C.6.§.!R 
Thorax 
!p'~~erior) 0.000.0. 0.0000 0..000.0 0.000.0 0.000.0. 1.0.0. 0.00.0.0. D.DQQC 0.00.0.0. 9...:.Q.9.90 0.00.0.0. 
Abdomen 
(q,TJ terior) 0..0000 0.0000 0.00.0.0 0..00.0.0 0..00.0.0 1.00 1·~~§U~Q_~~6 -9. 71.~L~~.o1 U:.QQQQ .. 
Abdomen 
{frif~.tip..!) -3.0.20.6 -1.7748 3.3451 1.9516 -2.4985 i.~~ ~574 O:,Q.QQO -1.~§?9 -O:74.!~~QQQQ 
Abdomen 
!p.£>.!~~tJr) 0.0000 0.0000 0.00.00 0.0.0.0..9 C.OQQQ .. --1QQ.... Q,QQQ!..Q,QQQO C.CQQ!LQ:9QQ!LQJ1QQQ 
Upper arm 
(~nterior) -1.850.1 2.7489 -4.4776 -3.1264 3.40.99 0..86 ~C.9564 1.1~29 -1.6Q§8 C.0Q,QQ.J1J1Q9Q 
Upper arms 
t~!terior) 0.000.0 0.00.00 0.0000 0.00.0.0 0.0000 1.00 -C.65C!~ C.16~9 0.C9.Q0 C.gcoc 0.00.0.0 . __. 
Upper arms 
@ferior) -6.9680. -9.0647 -3.9213 9.8125 0.0.000 0.91 -3.9473 0.99_~~ 0.4234 -C.~~~LQ.66C1 .. 
Upper arms 
(pQ.~t~pr) 0.0000 0.0000 0.0000. 0.0000 0.000.0. 1.00. .~Q9.QO C·o.Q90 C.OQQQ-.9~OCOO C.QQQQ .. 
Lower arms 
{~~terior) -3.1354 -1.7318 
Lower arms 
1.1750 0..4795 C.CQ,9.9 ~L ~~~.!!C -0.5152 -9.:.~.Q~liQQQ<LQ.:9QQQ. 
~erior) 0..0.0.0.0. 0.00.0.0. 0..000.0. 0..00.0.0. 0..0.0.0.0 1.00. 3.453Q...:Q.91!~C -2.1862 C.~.~93 C.~~~_~. 
Lower arms 
flrif..erior) -4.9677 -1.3673 -2.7141 0.9911 1.8224 0.84 ~~.3530 -1.Q~~8 -D.~Q~O C.Q9.QC C.CQQQ 
Lower arms 
(pQ.~f!.rior) 0.1584 1.0.956 -2.0.176 0.000.0. 0.0000. 0.83 .9...:.QOOQ.J1.:QQ.QO 0·QQQ<LQ.~QQ90 0·QQ9Q 
Hands 
(1!'!'1~1!ack) 0..050.2 -0.1554 -0..2115 0..5317 -0.21C~ 0..99 -1.0.267 -O.3?.?3 -1.5.~1£Jl~9..QD~Jl.!1!.. 
Hands 
(Pc.!~~l -2.9380. -0.9203 -0..7716 0..5989 C.7Q~~ 0..90 O.()_DCC D.QQQQ-'LQQQQ.J1J1.9JlO C.D.QQQ. 
Upper legs 
ta-'J.!~()r) 0.0000 0.000.0 0.0000 0.0000 0.0000 1.00 -2.1922 -2.8941 2.56~0 0.0000 O.OCQ,Q 
Upper legs 
~!terior) -2.0.042 0..0000 0.0000 -3.7.~.~ 2.~~ --.!L~_ .. 9.:QQQQ.J1;QQQ<LQ.:9Q.Q.Q.Jl.:QQQ9_.9.:QQQQ .. 
Upper legs 
Eriferior) -3.1402 0.6251 0..4658 0.000.0. 0..0.0.0.0. 0.50 _1. 9956 C~07~~...:.1:§~~~..Q:QQQ<L9.:.QQ.QQ 
Upper legs 
Y'...()~~eritJr ) 0.0.000 0.0000 0.0000 0.0000 0.0000 1.00 -0.1230 -2.~~p'~Q~51 1.~3 -1.2~~? 
Lower legs 
{g.'.!~.rfp.i) 4.5282 18.1753 15:9558 C.OOQ<> C.DCQ.Q. ~L .Q.,QQQ.ILQ,QQ,Q9_Q&QQQ~Q.QQ!LQJ1Q.QQ 
Lower legs 
~terior) 0.0.0.0.0. 0.00.00 0.0.0.0.0. 0.00.0.0 0.000.0 ....!:9L Q:Q9.QQJ1:QQQQ.J1~QQQCL9cQQQQ...Q.,QQCO .. 
Lower legs 
{fTlforio.r) -6.4414 -2.7161 5.0.126 1.7925 -3.2889 ~.~ ~3.443C 1.70.18 -1.1214 -1.1578 1.372~ 
Lower legs 
~sterio;') -8.4381 -1.40.05 3.5985 0..00.0.0. 0..0.00.0. 0.85 -1.7804 -6.34~ -3.5~64 C.CQ.Q!LQ:9QOC . 
Feet(in!~) -1.6535 -0.0.277 C.4~33 C.~.-9..:9Q.QQ ~~L :Q,~878 -O.&~49 _QJ1~Q.:.qQQLQ:,QQQQ 






































Table B.S Polynomial of the coefficient Do of the shading function Sh Ceq. 4.7), 
4 
Do = Ldojpl and the corresponding correlation coefficient, R. 
j .. o 
Body Standing posture Sedentary posture 
sectors doo dOJ do. dO:J d04 R d oo dOJ do. dO:J d04 R 
Head 10.3361 0.0000 -3.5647 7.9337 -3.7827 1.00 10.4314 0.0000 -4.3398 7.9728 -3.4768. .1.00 
Forehead 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 10.4341 0.0000 -1.3449 4.0352 -2.1992 0.99 
Face (ant) 9.4813 0.0000 0.0000 1.9329 -1.1810 0.99 10.5145 0.0000 -2.1120 3.8723 -1.7547 0.99 
Face (R&L) 9.8010 0.0000 -2.1483 2.5356 -0.6751 0.99 9.7467 0.0000 -1.7072 2.5111 -0.8491 1.00 
Neck (ant) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 10.5755 0.0000 -2.5097 4.0732 -1.7210 0.99 
Neck (R&L) 11.4732 17.9303 12.2371 0.0000 0.0000 0.95 10.6149 14.1602 9.8892 0.0000 0.0000 0.99 
Neck (post) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 
Shoulder 
(R&L) 10.3034 -26.4505 56.1918 -38.14166.9506 0.74 4.12f~:3639 -6.050_UJ..~70 -5.2~_1!? 0.89 
Thorax 
. -
(anterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 11.6820 -0.7202 -6.6~?_2 4.3~~QQQQ_ 0.99 
Thorax 
(in/erior) 3.8386 1.5992 -2.7123 -0.7325 1.2644 0.90 3.7794 -0.0232 -1.9355 0.6~q.6 0.7Q.QI 0.96 
Thorax 
(pQsterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 10.0000 0.0000 0.0000 O,QQQ!ULQ.9.9.9 1.00 
Abdomen 
(s.r.!~erior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 10.8156 3.0_34 ~..139~ 4.53fL.9..:.Q.9..QQ 0.99 
Abdomen 
(!.rlferior) 2.7049 2.1210 -3.2983 -1.9899 2.6563 0.92 -1.3787 O·QQQ!l~~-.9..:.9QQQ_JLQQOO 0.93 
Abdomen 
(posterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 1 0.0000 0.QI2QQ~90Q'L-Q_:QQQU,.QI2QQ. 1.00 
Upper arm 
(anterior) 6.0537 -10.8155 13.1404 9.7346 -9.8565 0.87 2.4926 -3.2~~~~..Q~~Q.QQ9_I2:.QQ9..Q 0.98 
Upper arms 
((!Xterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 ~~_~L..Q:.772LQ.773L.Q.:QQQLQ.:QQQQ 0.88 
Upper arms 
(~1Jl.erior) 29.6416 33.2135 15.4305 -34.8845 0.0000 0.88 18.0169 -8.18~~!.9..~.U.?_t~.IL:.!.:~~1? 0.85 
Upper arms 
(posterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 10.0000 Q:.Q_QQL. 0.OQQ9~Q_QQO O.QQ9..Q 1.00 
Lower arms 
~terior) 5.2125 2.4462 -1.4207 0.0000 0.0000 0.90 0.3278 0.8?96 3~Q.?§?~000.LQ:QQ.9_Q 0.90 
Lower arms 
~terior) 10.0000 0.0000 0.0000 0.0000 0.0000 "!':QI2 ~~~:~~§.L1.:.371~.:.QQQLo.:QQQg 0.96 
Lower arms 
fillierior) 21.6965 3.6908 4.7572 -2.7104 -4.2~~ 0.68 9.0887 4.2082 4.5331 0.0000 0.0000 -'"--------_. __ .... _-_ .. _._---.... -.... _-----_ ... _ .... __ ...... 0.86 
Lower arms 
(pQsterior) 10.0379 -3.1011 3.8970 0.0000 0.0000 9,73 !p.O.QQ.U"-QQQ..LQ:9.QQLQ;..QQ.90 O:9.QQQ 1.00 
Hands 
~ndback) 11.0207 0.0960 -7.5119 1.7539 4.5080 0.79 2.2893 1·?~~95S.~~QQQO 0·QQ99 1.012 
tI.~~.CE~fu!2 11.0700 3.0451 1.0763 -1.85~5 -1.47~~ ~~ ~.Q:.QQ90 O.o..QOO O·Q.QQL9..:Q..QQLQ.:..QQQQ 1.00 
Upper legs 
(Cl'.!terior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 r-L~a.01 -9.9053 6.7207 0.Q.900 O.Q.qQl2 0.91 
Upper legs 
(e..!!~r.ipr) 0.9293 0.0000 0.0000 -5.3392 4.7304 0.95 10.0000 0.009.0 0.0090 O.O..Q.OO 0:.9.900 1.00 
Upper legs 
fillf~rior) 12.5772 -6.6444 -5.6097 0.0000 0_0000 0.88 r-=-!L971 0 O.~ 15()_1 ()J3~f.3...u~QQI2!L..Q,QQQQ Q}7 
Upper legs 
(ppstl!.!.ior) 10.0000 0.0000 0.0000 O.qQQO O.o..9.Q/1 ~()Q. r-1=~~~f.3_~..1~3.8_~J..QIL.::.1.6.r14 O,_QQQQ Q:~_a._ 
Lower legs 
('!..nterig~ 24.2222 21.2884 0.0000 0.0000 0.0000 0.99 10.0990 O:9.Q..~~Q..Q~:QQQO O,.QQQQ 1.00 r---' 
Lower legs 
(exterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 . 10.0QQO O.OQQ'L-Q.OOQQ_O..;..QQQO O.!,OQQ 1.00 
Lower legs 
~rior) 28.0742 12.2207 -19.8894 -8.2236 12.679 0.90 16.0125 -10.1503 -2.2190 5.4286 -0.7394 0.77 
Lower legs 
{eos_t.t!!i...2! ) 37.8126 5.1634 -12.9276 0.0000 0.0000 ..Q.,~.Q... ~13L§..;~~-11M~LQ..,.QQQ.LQ&Q9"Q. 1.00 
--------.--~ 
Feet(ins~) 5.1013 0.1025 -1.0893 0.0000 0.0000 0.79 2.0440 1.5734 -0.3_~LQ:QQQLQ.OQ.QQ Q"!}~ 
Feet (sole) 1.9893 0.0000 3.8397 0.0000 0.0000 0.93 1.2304 -4.4256 2.8276 0.0000 0.0000 0.99 
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Table B.6 Polynomial of the coefficient E1 ofthe shading function Sh Ceq. 4.7), 
4 
E\ = Le\jpj and the corresponding correlation coefficient, R. 
j-O 
Body StandUngposture Sedentary posture 
sectors elO ell e,. e'.1 e'4 R elO ell e,. en e'4 
Head 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 0.0000 0.0000 0.0000 0.0000 0.0000 
Forehead 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 -0.4162 0.0000 1.5095 -3.4811 1.7460 
Face (ant) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 -2.3848 0.0000 1.5508 -2.9470 1.3599 
Face (R&L) -0.1427 0.0000 0.7756 -0.7405 0.1746 0.98 -0.1022 0.0000 0.4464 -0.7221 0.3045 
Neck (ant) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 -0.3483 0.0000 1.3525 -2.7572 1.3150 
Neck (R &L) 1.0987 -6.3795 -5.0699 0.0000 0.0000 0.97 0.4877 -9.0637 -6.7416 0.0000 0.0000 
NeckJp~st) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 0.0000 0.0000 O.OO.9~qooo 0.0000 
Shoulder 
(R&L) 0.0210 6.8935 -7.1246 2.2240 -0.2474 0.98 1.9987 -5.1473 26.6.?76 -28.0~.90 8.16~ 
Thorax (ant) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 -0.3641 0.1502 1.4563 -0.9504 0.0000 
Thorax (irif) 0.8344 0.4919 2.2280 0.5675 -0.7903 1.00 0.5656 0.2764 0.7358 -0.0420 -0.4450 
"'---'-~ 
'!!!.9.~ost) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 0.0000 0.0000 0.0000 0.0000 0.0000 ... _-------, 
Abdomen 
(~nterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 -O.3~02 -0.91.57 3.1~~3 -1.6~~U.OOqQ 
Abdomen 
(Lrif.erior) 1.1879 0.0000 0.2047 0.0000 0.0000 0.77 -0.3063 0.0000 1.5224 1.0169 0.0000 
Abdomen 
(pQsterior) 0.0000 0.0000 0.0000 0.0000 O.OOOQ 1.00 O.OO9.U1.:QQQ,LQ,QQOO 0.0000 0.0000 
Upper arm 
tanterior) 5.5679 1.9454 -1.2164 -1.8151 0.2334 1.00 6.06~U:QZ72.....:.?''§Q1.?--1l!QQOO O.OQQQ. 
Upper arms 
(exterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 0.0000 O.ogoo 0:.900~000 O.ooog 
Upper arms 
(i'!f!rior) 4.8875 -1.4485 -1.6965 0.0000 0.0000 0.92 0.0000 0.0000 0.0000 0.0000 0.0000 
Upper arms 
{EQsterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 0.0000 O.g.QOO O:.Q.QgLQ.OOQLQ~QQQQ 
Lower arms 
~nterior) 5.9843 1.6183 -1.9134 0.0000 0.0000 0.97 4.1218 -4.0.901 2.091.~,QQQO O.Q.QQQ 
Lower arms 
(exterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 O.0.9QO O.OQQ<L..<!:Q.QQ.Q-.9.:.Q.QQQ--.Q,QpOO 
Lower arms 
(inf!riO!L- 3.2063 0.2261 3.1669 -0.1365 -1.7135 ~~ -0.3640 -0.5760 1.6984 0.0000 0.0000 
Lower arms 
r--.----.-.-.--.-.... --..... -----.--.. 
(pQs(~rior) -0.2635 0.0000 0.0000 -1.2257 0.8901 0.93 0.0000 O.OOQLQ:QQ.9~:..OOOO O.OOQ..Q. 
Hands 
(handback) -0.2466 0.1938 1.6008 -1.0277 -0.5032 0.97 4.4608 1.8997 1.3831 0.0000 -1.7785 
Hands~lm) 6.2294 4.2117 -3.6825 -3.0284 1.2923 0.94 O.OQ..OO O.OO.QO 0.0000 O~Q.QQO o.oQQIl.. 
Upper legs 
{anterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 1.7368 4.8871 .3.~Q~~POOO O.OQQQ 
Upper legs 
{~erior) 2.0285 0.0000 0.0000 2.3639 -1.8052 0.93 0.0000 0.0000 O.QQ.Q.L..Q.OOOU·OOQ..Q. 
Upper legs 
{!!Jl~rior) 4.1699 0.8301 -0.7613 0.0000 0.0000 0.74 O.oogLQ:.QQQQ--.Q.:.Q.QQ.L..Q.OOQO O.O.9_<1.Q 
Upper legs 
(pgE~dor) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 4.4..~.?8 0·QQ.QL~1~lLQ:QQQ9~J!QQQ 
Lower legs 
-'-' 
(anterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 0.0000 0.0000 0.0000 0.0000 0.0000 
Lower legs 
(exterior) 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 o.oOQQ....Q.,QOOO O.QQ.Q<L...Q,QOOO O.QQQQ 
Lower legs 
(inferior) 6.3573 2.2542 -6.3098 -0.4738 2.9125 0.99 5.4745 0.6065 -4.2618 -0.3291 O.~~? 
Lower legs 
~sterior) 6.6866 0.7040 -2.8396 0.0000 0.0000 0.91 0.34.~.IL1:.~78LQ,,879~Q.900~QQg. 
Feet (instep) 1.2117 0.1377 0.4531 0.0000 0.0000 0.53 .0.7784 -0.2893 0.3042 0.0000 0.0000 
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Table B.7 Polynomial of the coefficient Eo of the shading function Sh (eq. 4.7), 
4 
Eo = LeojpJ and the corresponding correlation coefficient, R. 
j=O 
Body Standing posture Sedentary posture 
sectors eoo eo. eoa eo . , e04 R eoo em eoa eo . ., e04 
Head 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.0000 0.0000 0.0000 0.0000 0.0000 
Forehead 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.3862 0.0000 1.5419 -2.9823 1.3881 
Face (ant) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.4127 0.0000 1.6100 -3.2543 1.5461 
Face (R & L) 10.2218 0.0000 0.4719 -2.4400 1.4776 0.99 -10.3_?.51 0.0Q,QL1}117 -2·1~.~L...U1§?. 
Neck (ant) 1 0.0000 0.0000 0.0000 0.0000 0.0000 1.00 -8.4190 0.0000 -6.4429 11.9803 -5.4684 
Neck(R& L) 14.1539-21.2960 -13.2377 0.0000 0.0000 0.96 -13.0235 -16.3302 -10.1451 0.0000 0.0000 .- -... -----------.-.-..;;~ 
Neck (post) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.0000 0.0000 0.0000 0.0000 0.0000 
Shoulder 
(R&L) 10.115125.8754-90.968792.9137 -27.7784 0.96 -10.0158 32.1237 -166.178 178.165 -53.2005 
Thorax (ant) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -11.4243 0.0000 5.7636 -3.4827 0.0000 -.... ------
Thorax (in/) -2.7918 -1.9526 -1.9129 0.0000 0.0000 0.98 -1.2320 -1.246_2 -1.3267 1.1794 -1.2974 
!horax (post) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.0000 0.0000 0.0000 O.ogoo O.Q.QQ.<2-
Abdomen 
(q,,!!erior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.9460 -3.2629 10.1397 -5.0642 0.0000 . ·• _______ ._ .. ___ ._._. __ _ 
Abdomen 
(iTiferior) -1.7232 0.0000 -0.8957 0.0000 0.0000 0.80 .. -'- -10.5902 0.0000 2.4067 1.5865 0.0000 --"-'--_._-----------_ .. __ ... _---_. 
Abdomen 
(posterior) 1 0.0000 0.0000 0.0000 0.0000 O.OOJ~O 1.00 -1 O.O.9..QLQ,QQ()LQ,QQQQ~ . 9QQL_Q&QQ!L 
Upper arm 
(qnterior) 32.1692-11.379012.977211.0889 -5.5058 0.99 -33.3682 -20.3675 10.4118 8.6!il3.L..Q,QQQQ.... 
Upper arms 
~xterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.0000 0.0000 0.0000 0.0000 0.0000 _ ._---------_ ...... __ .... _ ... _--_ ...... _._'--
Upper arms 
((nferiC!r) 27.6956 6.1865 6.2285 0.0000 0.0000 ,J1;~ -10.0000 0.0000 0.0000 0.0000 0.0000 -----.--.-.. --.. -.. -.---.. --- .. -----~::.... 
Upper arms . 
~sterior) 10.0000 0.0000 0.0000 0.0000 0.0000 - .....!:.Q_Q.... -10.0000 0.0000 0.0000 0.0000 0.0000 ._ .... _ ... _._ .... _------_ .. _-.... --_ ... ;,-
Lower arms 
(anterior) 30.6274 -8.9154 10.2034 0.0000 0.0000 O.~_ -19.5739 14.3501 -5.7091 0.0000 0.0000 
~----.... ----.. ---.---.... ---... -...... --:-
Lower arms 
(exterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.0Q.... .:!.9..:...QQ.()..Q. 0.OQ.9..LQ:..Q900~9..Q.QQ_Q.:()_QQQ.._ 
Lower arms 
((rif~rior ) 17.8900 -0.5767 -12.7708 0.2522 6.4200 0.96 -3.9132 o.oQo.9 -7.8159 0.0000 O..:Q.9_o.Q... 
Lower arms 
(posterior) -8.8667 0.0000 0.0000 5.2726 -3.8289 0.93 -1 0.000.0 0.QQ.Q~~QQQ.9_~9..9QU:9.Q9..Q. 
Hands 
~!!..,!ndba£KL- 10.3122 -0.5993 2.8599 1.0495 -2.9175 0.99 . -~~&~ 1 -2:~~L:§..:81 ~.9~..:~~§~_Q;9.QQ.Q_ 
!:!~~lm) 31.3503-19.9270 24.5164 14.5318 -10.8305 0.94 -10.0000 0.0000 0.0000 0.0000 0.0000 _._----_ ... _-_._._--_ ... __ .. -... _..;,-'-
Upper legs 
(anterior) 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -8.1428 -12.4157 8.9144 O.:..o.QQLQ,Q()_OO 
Upper legs 
(exterior) -1.6672 0.0000 0.0000 2.6364 -2.9436 0.97 -10.0OQO O.OOQ9~QOO 0.0900 0..:900.9..... 
Upper legs 
g,T11..erior) 21.8710 -4.5993 4.3609 0.0000 0.0000 0.76 -10.0000 O:.~...QU:..QQQ..L!:!l..QQ'LJl:9.QQQ..... 
Upper legs 
fE9.sterior) 10.0(19.0 0.0000 0.0000 0.0000 O.OQQ.Q.... .J..:99..... -17.6655 1.0177 2.0~L-Q:!>.QQLQ:QQ..QQ..... 
Lower legs 
{c.mteri~ 10.0000 0.0000 0.0000 0.0000 0.0000 1.00 -10.0000 0.0000 0.0000 0.0000 0.0000 
Lower legs 
-_._--_ .. _-_ .......... _-_._"-'-
(e.xte'iC?r) 10.0000 0.0000 0.0000 0.0000 0.0000 1.o.Q.... ;.!Q:9..Q.00 a ,Q99.()-..9..:.9"O..QQ~:9_QQ.9_0..:Q9_Q.<2-
Lower legs 
{Lrif!rior) 31.6186-11.260231.7201 1.8429 -15.4226 o.~ -26.7778 -3.089.U3.5~~2.~~~~~20 
Lower legs 
{posterior) 38.5826 -2.3193 13.7304 0.0000 0.0000 0.81 -2.7314 0.00Q.9--.:L..~~Q~~§..o5 O.o.Oo.Q.... 
Feet (ins~p) -4.3581 -1.1838 -2.3067 0.0000 0.0000 0.72 -3.0/!55 1.3~~~~~~_0..:.9900 0:.900.<2-





































Table B.8 Polynomial of the coefficients go, ~ of the fp,dif function for the 
diffuse short-wave radiation Ceq. 4.8) and the corresponding correlation 
coefficient, R. 
Body sectors 
Standing posture Sedentary posture 
I!tJ I!I R l!n III R 
Head 0.6460 0.3183 1.00 0.6423 0.3211 1.00 
Forehead 0.5194 0.4675 1.00 0.5295 0.4495 1.00 
Face (anterior) 0.3701 0.4716 1.00 0.3777 0.4465 1.00 
Face(R & L) 0.4318 0.4588 1.00 0.4354 0.4488 1.00 
Neck ~anterior) 0.3425 0.4367 1.00 0.3532 0.4137 1.00 
Neck(R& L) 0.5441 0.3115 1.00 0.5360 0.2945 1.00 
Neck (posterior) 0.5783 0.3650 1.00 0.5671 0.3757 1.00 --
Shoulder (R & L) 0.8119 0.0927 1.00 0.798.2 O.O~~.~_ 1.00 ----
Thorax (anterior) 0.5603 0.3711 1.00 0.5723 0.3399 ~JL 
Thorax (inferior) 0.1365 0.29~.!L --'!:QL 0.1540 0.3016 1.00 • __ • __ ri~· ____ • ._._ ....... -
Thorax (posterior) 0.4850 0.4739 1.00 0.4892 0.4995 1.00 
Abdomen (anterior) 0.3970 0.4954 1.00 0.3101 0.1801 1.00 
Abdomen (inferior) 0.3213 0.3103 1.00 0.2879 0.3.~1<L J;QL 
Abdomen (posterior) 0.4328 0.4558 1.00 0.4025 0.7381 1.00 
Jl"pper a!"ffi (q!JJ!!rior) 0.3505 0.4036 1·QL 0.2165 0.2585 1.00 -----_ .. __ ._. __ .-... ,-..... .-.--
...!!.J?l2er arms (exterior) 0.6009 0.3813 1.00 0.5771 0.3760 r--1QL 
Jlpl2er ar:,ms (inf~rior) 0.0698 0.2650 1.0_L J!.1745 0.4221 1.00 ---
.J!Pl2er arms (posterior) 0.4745 0.4576 1.00 0.5701 0.4464 1.00 
Lower a!ffis (anterior) 0.5132 0.3639 1.00 0.3529 0.0726 1.00 
Lower arms (exterior) 0.5102 0.4861 1.00 0.6486 0.2182 1.00 
Lower arms ~inferior) 0.2196 0.2847 1.00 0.1281 0.4863 ~L. 
Lower arms (posterior) 0.3473 0.6165 1.00 0.3101 0.7620 1.00 
Hands (handback) 0.3966 0.4861 1.00 0.6053 0.1q~<L 1.00 --'-
~nds (pa111]) 0.1879 0.1894 1.00 0.0757 0.1787 1.00 
...!!.J?per legs (anterior) 0.4106 0.4619 1.00 0.6037 0.1081 1.00 
J:!"pper legs (exterior) 0.3929 0.4865 1·QL 0.0759 0.18~_L 1.00 ----
.l!.Pper leg~ferior) 0.1753 0.2928 1.00 0.414?~.o16.~ __ 1.00 ._---
.J,!Pl2er It:g!1l?.osterior) 0.4181 0.5203 1.00 0.3131 0.4~.?1..... 1.00 -_.-
-1.Q.wer ~gs (anterior) 0.4374 0.4898 1.00 0.2558 O:.~Q1L 1.00 --_ ... _._ .... -
Lower legs (exterior) 0.4740 0.5064 1.00 0.0351 0.9104 1.00 -_ .. _-
Lower legs (iriferior) 0.3359 0.3918 1.00 0.5861 0.4270 1.00 
Jpwer le.s~sterior) 0.4673 0.4728 1.00 0.4269 0.4972 1.00 
Feet (instep) 0.5608 0.3005 1.00 0.3663 0.3743 1.00 
Feet (sole) 0.0309 0.8656 1.00 0.2613 0.4480 1.00 
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AppendixC 
View factors for some main body parts as 
predicted by developed model and voxel-
based ray tracing technique 
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Night arlll : IIpper ol/terior 
0 1 2 3 • 5 8 7 8 9 10 
b/c 
l?ight hand: hal/elba 'k 
b/c 
• aI.- l00 
o aI. 80 
• aI. - 20 
o aI. - 15 
• tile. 10 
.. aI. 05 
• aI. - 02 
-mOdel 
• alo- 100 
o aI. - 80 
• tJlc-20 
o &Ie. 15 
.. aI. -I 0 
.. aI.-05 
• ale: -02 
-mOdel 
29 






'" u. 0.20 




0 1 2 3 4 5 6 7 8 9 10 
b/c 




2 0 .30 
0 0 .25 
'" U. 020 




0 1 2 3 4 5 6 7 8 9 10 
b/c 






'" U. 020 




















Left leg: upper anterior 
005 
OOO~~~~~~~~~~ 
2 3 4 6 10 
b/c 




2 0 30 
025 0 






0 1 2 3 4 7 6 II 10 
b/c 
045 






'" u. 0.20 
~ 0 .15 e Q) 
:> 0.10 ~ 
005 
~;-; .. 000 t + 
0 1 3 • 5 6 7 8 II 10 
b/c 
Left leg: upper exterior 
045 
040 
2 0 35 
(; 030 
-0 025 
'" u. 0.20 






0 1 2 3 4 5 6 7 8 \I 10 
btc 







'" U. 020 




0 1 2 3 4 5 7 8 II 10 
b/c 
045 
Right foo t: illStep 
040 
:2: 0 35 
B 030 
0 02 5 
." 
U. 02 0 
~ 015 Q) 





0 1 2 3 4 5 6 7 8 II 10 
b/c 
• alc- 100 
o ole-50 
• &)c-20 
o ale - 1 5 
6. ale - 1 0 
+ oIe-05 
• ale - 02 
- mooel 
• alo- 100 
o ole - 50 
• ale - 20 
o ale - 16 
.. ale· 10 
+ ale· 05 
• elc - 02 
- mOdel 
• 01. - 100 
0 oIc - 00 
• oIc - 20 
o ale. 15 
Ii. ric -1 0 




C·4 Standing posture: Floor 
Head Forehead Face: anterior 
0.45 045 0.45 
0.40 0.40 040 
:!: 0 .35 035 0 35 • ale- l00 :!: 8 o ale-50 
£ 
0.30 030 (; 0.30 B • alc-20 
0 0.25 0 025 0 0.25 o ale. 1 5 
CO CO CO 
"- 0.20 "- 0.20 "- 020 A ate·' 0 
~ 0.15 
~ 




0 .00 000 
0 1 2 3 4 5 6 7 B 9 10 0 1 2 3 4 6 7 B 9 10 2 3 4 6 7 B 9 10 
b/c b/c b/c 
Face: left Neck: anterior Neck: left exterior 
0.45 045 045 
0.40 0.0 040 
:!: 0.35 0 .35 035 • lie - 100 :!: 8 o ale - ~o 
£ 0.30 
~ 030 £ 030 • we. 20 B 
0 0.25 0 0.25 0 025 o ale. 1 5 
CO CO CO 
"- 020 u. 020 u. 020 A wc-1Q 
~ ~ 0 15 -' 
~ 




0.00 000 0 00 
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 8 7 8 9 10 0 1 2 3 4 5 8 7 8 9 10 
b/c b/c b/c 
Thorax: anterior Abdomen: anterior Left arll1: upper (Interior 
0 45 045 045 
0.40 0 40 040 
:!: 0.35 035 Z 0 35 • "'C-l00 8 o alC - 50 
£ 0.30 
030 ~ 0 30 
• alo· 20 B B 
0 0.25 0 025 0 0 25 o ole. 1 ~ 
CO CO CO u. 0.20 "- 020 u. 02 0 • lie - 10 
~ ~ 015 ~ 01 5 + alO· OS ., 0.15 '" Ql ;; ;; ;; • ale - 02 0.10 ~ 010 010 - model 
0.05 005 005 
~----1 0.00 000 000 
0 1 2 3 4 5 8 7 8 9 10 0 1 2 3 4 e 7 8 9 10 2 3 4 5 8 7 6 9 10 
b/c b/c b/c 
0.45 
Left arm: upper eXlerior 
0 45 
Left 0 1'111: IOlller anterior 
045 
Left 0 1'111 : lower exterior 
0.40 040 040 
:!: 0.35 :!: 035 :J: 035 • ale-l00 
C illo-SO 
~ 0.30 ~ 030 ~ 030 
• alo - 20 .9 B .9 
0 025 u 025 0 025 o 110-15 
CO CO CO 
U. 0 20 U. 020 u. 020 A alc- l 0 
~ 0.15 
~ 015 ~ 01 5 + ale-OS CD ., ., 
;; 
~ 
;; • ;; • ale·02 0.10 010 . -- 0 10 - ,"odel 0.05 005 .~-= -+ 005 
0.00 000 000 
0 1 2 3 4 5 8 7 B 9 10 0 1 2 3 4 5 8 7 8 9 10 0 1 2 3 4 8 7 8 9 10 
b/c b/c b/c 
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0.45 












o I 2 3 4 5 6 7 8 9 10 
blc 
Left hand: handback 




U 0.25 co 
u. 0.20 
























~ 0.15 Ql 
:> 0.10 
0 .05 
o I 2 3 4 5 6 
blc 
7 8 9 10 
Left leg: upper exterior 
r-"----
...e-!:: 
re -+-+-+--.-f. ,.1' , 
0 1 2 3 4 5 6 7 8 9 10 
blc 
Righ/ leg: upper anterior 











Ql 0 .15 
Righi arm: upper anterior 
;; 
0 .101A~~ 0.05 ~ ___ 
000 'Tf ", ! 
o I 2 3 4 5 6 7 6 9 10 
blc 





U 0 ,25 
co 
u. 0.20 





a 1 2 3 4 5 6 7 8 9 10 
blc 
045 






















1 2 3 4 5 6 7 8 9 10 
blc 












005 r:- + 
0,00 .. ~~~ ................ ~'-'-..................... '-'-....J 
o 1 2 3 4 5 6 7 8 9 10 
blc 













a I 2 3 4 5 6 7 8 9 10 
blc 












010 ~ r.::- + 
005 ~~ ....... ---4~-----+ 
ooo ~t~~~~~~~~~~~ 
a I 2 3 4 5 8 7 8 9 10 
blc 
045 












k pu • 
~ .... .. 
<.+ •• • 
1 2 3 4 5 8 7 8 9 10 
blc 
Left joo/: sole 
070 ..--=-=------------, 









o 00 L... ................ -'--' ................................. -'-'~0....0....1 
o 1 2 3 4 5 8 7 8 9 10 
blc 
• ale- 100 
o a/c-50 
• a/c-20 
o ale - 1 5 




• 8Ie· 10 0 
o ale - 50 
• ole· 20 
o e/e- 15 
" 81C - , 0 
.. ale - 05 




• ale. 20 
o alo - 1 5 
" lYe. 10 
.. ale-06 
• 010 - 02 
- modet 
• 8Ie-l00 
o ale. ~o 
• ele-20 
o ale - I 5 
" lie·' 0 
.. ale - 05 
• ale -02 
- model 
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C·s Sedentary posture: Front wallt m. 
Head Forehead Face: anterior 
0.45 0.45 045 
0.40 0 .40 040 
::I: 0.35 :!: 035 035 • ale' 100 :!: 0 ale - 50 
030 0 0 .30 li 030 ale· 2 a B • u 025 U 0.25 U 025 0 ale · 1 5 ., ., ., 
u.. 020 u.. 0.20 u.. 020 .. &Ie· '0 
~ 015 
~ 015 ~ 015 
+ ate-OS 
Q) Q) Q) 
:; :; :; • ale· a 2 010 11.. '-::::::::::; 0.10 010 - model 
a as 0.05 a as 
~~ .. 
0.00 ~ • • ;,. ' i ! • 000 
a 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10 a 1 2 3 4 5 6 7 8 9 10 
bfc bfc bfc 
Face: left Neck: an/erial' Neck: left ex/erial' 
0.45 045 045 
0.40 0.40 040 
0.35 :!: 035 035 • lie· 100 ~ ~ 0 ale· 50 
li 0.30 li 
030 030 
B • ale' 20 
u 025 u 025 u 025 0 ale· 15 ., ., ., 
u.. 0.20 u.. 0.20 u.. 020 · ale - 1 0 ~ 
0.15 
~ 0.15 ~ 015 .. ale' as Q) Q) Q) 
:; :; :; .. • ale' 02 0.10 0.10 0.10 - mOdel 
0.05 0.05 005 
0.00 a 00 
a 1 2 3 4 5 8 7 8 9 10 a 1 2 3 4 5 e 7 8 9 10 2 3 4 7 8 9 10 
bfc b/c b/c 
Sholllder: left Sholilder: right Thorax: an/erial' 
0.45 0.45 045 
0.40 040 040 
:z: 0.35 ~ 0.35 035 • ale - 10 a ~ 0 alo - 50 
li 0.30 li 
0.30 
li 030 • 0-20 
u 0.25 u 025 u 025 0 "'. - 1 5 ., ., ., 
u.. 020 u.. 020 u.. 020 • 010-10 
~ ~ 015 ~ 015 + alc-O:S Q) 0.15 Q) Q) 
:; :; :; • 0/0-02 
0.10 0.10 010 - modO! 
005 0 .05 005 . =--
0.00 0 .00 000 
a 1 2 3 4 6 7 8 9 10 a 1 2 3 4 7 8 9 10 a 1 2 3 4 5 e 7 8 9 10 
b/c b/c b/c 
Abdomen: anterior Left arm: IIpper an/erial' Left arlll: IIpper 'x/erial' 
0.45 0.45 045 
0.40 040 040 
Z 0.35 0.35 035 • 0/0 - 10 a ~ ~ 0 alo - 50 
li 0.30 0 
030 li 030 • ",e - 20 
u 0.25 0 025 u 025 0 aI. - 15 
'" to 
., 
u.. 0.20 u.. 020 u.. 020 .. "'. - 10 




010 :; • aI. - 02 0.10 ~ ... - + 010 +A--.... -----.. - mOdel 
0 .05 
~~:, : 005 ~: ' .. : 005 0 ,00 000 000 
a 1 2 4 5 6 7 8 10 a 1 2 3 4 5 e 7 e 10 a 1 2 3 4 5 7 8 9 10 
b/c b/c b/c 
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Left arm: lower anterior Left orlll: lower exterior 
0.45 045 
040 040 







LL 0.20 LL 020 
~ 0.15 Q) 
~ 
015 Q) 
:> 0.10 I 
005 ~M~ , , ! , 000 
:> 0.10 
f 005 000 
0123456 7 8 9 10 0 1 2 3 4 5 e 7 8 9 10 
b/c b/c 
Right arm: upper anterior Right a/'ln: lower anterior 













0.25 0 co 
LL 0 .20 
~ 0 15 ., 
:> 010 




















::r: 0 .35 
§ 0.30 
o 025 
__ J.b=========1 ~ 
020 
015 
0 1 2 3 4 5 6 7 8 0 10 
b/c 




~ == __ --A6---------~ ~ 
010~  005 .1'.+---+ 
000 
0 1 2 3 4 5 6 7 8 II 10 o 1 2 3 4 5 8 7 8 9 10 
b/c b/c 
0.45 
Left leg: 1Ipper exterior 
045 
Left leg: lower anterior 
0.40 040 






0.15 ~ Gl 
:> 010 .-!! ~ 
005 oF. 






~ 015 Q) 
:> 0.10 
005 




0 1 2 3 4 5 e 7 6 9 10 o 1 2 3 4 5 e 7 e II 10 
b/c b/c 
AppendixC 
Left arlll : l ower posterior 
045 
040 
::!: 035 • ale - 100 
" ale - 50 B 030 • ale - 20 
0 025 0 we - 15 
CO 
LL 020 " lie· 1 0 ~ 
015 + ale - OS Gl 




000 ... _.-.............. 
0 1 2 3 4 5 6 7 8 9 10 
b/c 
Right arm: 100rer exterior 
045 
040 
:z: 035 • ale - 100 
0 ale - 50 
§ 030 · DIe " 20 0 025 0 ale - 1 5 
'" LL 020 " ale " 1 0 ~ 015 ., ... ale - OS 
:> • &le·02 010 - mode! 
005 
1 2 3 4 5 8 7 8 9 10 
b/c 
Left leg: IIpper alit 'rior 
045 
040 
035 • ale· 100 :z: o ale"!)O 
§ 030 • ale - 20 
0 025 0 ale" 1 e> 
CO 





:> • ale - 02 010 • - mOdel 
005 ~. .. 
. ~- -"L 
000 
0 1 2 3 4 5 e 7 a 0 10 
btc 
045 
Left leg: lower 'xterior 
040 
:!: 035 • 810· 100 
C ale-50 
~ 030 • alo -20 B 
0 025 o alo - 1 ~ co 
LL 020 • DIe- 10 
~ 
015 + alc· 0 5 Gl 
:> ~ ~ • ale - 02 010 































RighI leg: lIpper anlerior 
-
l~+-+ 
~ ~ , " : ' t 
0 
0 
, 2 3 4 5 6 7 8 9 '0 
b/c 
Righl/ool: instep 
2 3 4 5 6 7 B 9 '0 
b/c 






'" u.. 020 
~ 
0.' s Q) 
:; 
0'0 v.;:+-+---+ 0.05 
~: : " , : 0 .00 
0 , 
• ale - 100 
D ale-50 
• aJc - 20 
o alc- 1 S 




2 3 4 5 
b/c 
t 
e 7 8 9 '0 
045 
040 
::!: 0 35 
.§ 0.30 
() 0 25 
'" u.. 0 20 
~ 





C_6 Sedentary posture: Sidewallt m . 
Head Face: left 
0.45 0.45 0 .45 
0.40 040 040 
::!: 0.35 ::!: 0 .35 ::!: 0 35 
030 .§ 0 .30 ~ 030 $l $l 
() 0.25 () 02 5 () 0 25 
'" '" '" U. 020 U. 02 0 u.. 0 20 
~ ~ 0.15 ~ 0'5 ell 0.15 Q) ell 
:; :; :; 
0.10 010 010 
0.05 0.05 005 
0.00 0.00 000 
0 1 2 3 4 5 8 7 8 9 10 0 1 2 3 4 5 e 7 8 9 '0 
b/c b/c 
Neck: posterior hOllldel': left 
045 0.45 0.40 
0.40 035 040 
::!: 0.35 ::!: 030 :!: I} 35 
~ 0.30 .§ 025 .§ 030 $l 
() 0.25 () () 0 25 
'" '" 0.20 '" u. 0.20 u.. u.. 020 
~ ~ 0.15 ~ 
Q) 0.15 Q) ., 0' 5 
:; :; 0.10 :; 
0.'0 010 
0.05 005 005 
0 .00 ' .. 0.00 
0 1 2 3 4 5 6 9 10 0 1 2 3 4 5 6 7 8 9 10 
b/c b/c 
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Left jool: inslep 
• "'" - ' 00 
0 ""'-50 
0 "", - ' 5 
• a/c-20 





0 , 2 3 4 5 6 7 8 9 '0 
b/c 
• IIIe - ,00 
n Nc.50 
• IIIe - 20 
0 IIIe -10 
" IIIe - , 0 
1110 · as 
• IIIe - 02 
- mOdOI 
0 , 2 3 • 5 e 7 8 9 ,0 
b/c 
• IIIe - 100 
0 IIIe - 50 
• lIe·20 
0 wo. 1 ~ 
• lie. 1 a .. IIIe - 05 
• ",e - 02 
- model 








u 0.25 8 tV 
LL 0.20 
~ 0.15 <I> 0 
'> 0.10 .. 
0.05 
0.00 i . , 













• 0 .00 
8 9 10 





7 8 9 10 













0.00 II"'-....... '--'-................ ~'-'-......... ~~~ ....... 

















2 0.25 u 
tV 
LL 0.20 

















0 1 23 4 56 7 8 9 10 
b/c 































o 1 2 3 4 5 6 7 8 9 10 
b/c 
Lefl hand: handback 
0 1 2 3 4 5 6 7 e 9 10 
b/c 
Lefl leg: lower eXlerior 
.. 
r T' f 






















~ ., 015 
'> 010 
005 
Lefl arm: 1Ipper exterior 
0 1 2 3 • 5 6 7 8 9 10 
b/c 
Lefl arm: lower pOSlerior 
V Aa ,,;+-.... -..------+ 
000 ~~~~'-'-~ ....... ~'-'-................ '--'-~ 























RighI lianel: handback 
o 1 2 3 4 5 e 7 8 9 10 
b/c 
Lefl leg: lower po '1 ' rior 
.. 
0 1 2 3 4 5 6 7 6 9 10 
b/c 
• ale · 100 
o ale - 50 
• ale· 20 
o Ble . 1 5 
6. ele - 10 





• ale - 20 
o &Ie. 15 




• ate -100 
o 1>'0 - 00 
• &'e - 20 
o alo - 1 0 
A ",e - 10 
+ ale - 05 
• ale - 02 
- moacl 
• ale - 100 
0 lIIe - 00 
• ale· 20 
0 alo - 15 
• ole· 10 
+ o/c-Os 
• lIIe - 02 
- model 
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"' u. 020 





o 1 2 3 4 5 6 7 6 9 10 
b/e 
Left foot: instep 




































"' u. 0.20 









"' u. 0.20 









"' u. 0.20 






~ ...... -+.------+ .-
t1 :: " . ! , t 




































"' u. 020 
























"' .---:- u. 020 ~ -- Q) 015 !E~ :; 010 005 
If"~ 000 






S 0 30 
u 025 
"' u. 020 
~ 015 Q) 
.--:- :; 010 
:~-: 005 =y ' , , t + 000 
0 1 2 3 4 5 6 7 6 10 
b/e 












" --- 005 000 





2 3 4 5 6 7 6 9 10 
b/e 
Face: anterior 
E -----t .+ 
0 1 2 3 4 5 6 7 6 9 10 
b/e 




0 1 2 3 4 5 6 7 8 9 10 
b/e 
Thorax: onleriol' 
0 1 2 3 4 5 e 7 8 9 10 
b/e 
• ale- 100 
o ale-50 
• 8/e· 20 
o ale. 1 5 
6. we - l 0 
+ ai, - 05 
• aI,-02 
- model 
· ale. 100 c 8Ie·50 
• ai, - 20 
0 ate· 1 S 
• ale · 10 
+ ai, - 05 
• 0/, - 02 
- model 
• "'. - 100 
o ole - 50 
• we - 20 
0 "'e - 1 5 
• "'e 1 0 
+ "'e - 0 5 
• ale - 0 2 
- model 
• "'e- '00 
0 ale - 50 
• ale -20 
0 ale - 1 5 
6. "e. 1 0 .. c-05 
• we· 02 
- model 
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Abdomen: anterior Left arm: upper anterior Left arm: upper exterior 
0.45 0.45 0.45 
0.40 0.40 0.40 
0.35 ::!:: 0 .35 ::!:: 0 .35 · ale - 100 ::!:: c ale· 50 
0.30 0.30 030 
~ B B · ale - 20 0 0.25 0 0 .25 0 0 .25 0 ale - 1 5 
CO CO CO 




0.15 ~ 0.15 + lIIe· 05 Q) Q) Q) 
:; :; - :; • ale - 02 0.10 0.10 0.10 
& - . 
- mOdel 
0.05 0.05 ~ ---+ 0.05 
0.00 0.00 
. :.,;..-t ' ., . • . , , + 0 .00 
0 1 2 3 4 6 7 B 9 10 0 1 2 3 4 5 6 7 B 9 10 0 1 2 3 4 5 6 7 8 9 10 
b/e b/e b/e 
Left arm: lower anterior Left arm: lower exterior Left arl11: lower posterior 
0.45 0.45 0.45 
0.40 0.40 0.40 
::I: 0.35 0.35 0.35 · ale - 100 ::!:: ::!:: c ale - 50 
B 0.30 
0.30 B 030 ~ • ale - 20 
0 0.25 0 025 0 025 0 ale - 1 5 
CO CO CO 






0.15 + we· 0 5 Q) Q) Q) 
:; :; :; • we· 02 
0.10 0.10 0.10 
.~ ~ 
- model 
0.05 + 0.05 005 , :z} .~ .. : ' 0.00 0.00 000 
0 1 2 3 4 5 8 7 8 9 10 0 1 3 4 5 6 10 2 3 4 5 6 9 10 
b/e b/e b/e 
Right arm: upper anterior RighI arm: lower anterior RighI arm: lower eXlerior 
0.45 0.45 045 
0.40 0.40 040 
8 0.35 :::r: 0 .35 :I: 0 35 · ale. 100 C ale - 50 
B 0.30 B 
0.30 ~ 0 .30 
~ • &/e·20 
0 025 0 025 0 0 .25 0 lJIe· 1 5 
CO CO CO 
u. 0.20 LL 020 U. 020 • ale - 10 
~ ~ 0 .15 
~ 
015 
... NC. 05 
Q) 0.15 Q) Q) 
:; :> :; • NO. 02 
0.10 010 010 - mOOOI 
0.05 005 005 
0.00 .. 000 000 
0 1 2 3 4 5 8 7 8 9 10 0 1 2 3 4 5 6 7 B 9 10 0 1 2 3 4 5 6 7 B 9 10 
b/e b/e b/e 
Left hand: handback Right hand: handback Left leg: upper anterior 
0.45 0.45 045 
0.40 0.40 040 
:c 0.35 0.35 :J: 0 35 • aI. - 100 ::!:: c ale - 60 
2 0.30 B 
0.30 B 0.30 • !tJc·20 
0 0 .25 0 0.25 0 0 25 0 ale - 1 5 
CO CO co u.. 0 .20 u.. 020 u. 020 • ale - 10 
~ ~ 0.15 . ~ 0.15 ... ale - 05 Q) 0 .15 Q) . Q) . :; :; :; • ale. 02 
0.10 010 010 
~If+·+---'" ~ ",,""----1" 
- mOdel 
0 .05 0.05 005 
0.00 000 000 
lU-
0 1 2 3 4 5 6 7 B 9 10 0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 e 7 8 9 10 
b/e b/e b/e 
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'" u. 0 .20 






o 1 2 3 4 7 8 9 10 
b/c 








~ 015 • • 
o 
;; 0 .10~_+ 
~:  1I~~~: ::;::. ::;::. ::::: =. ====1 t 
012345878 9 10 
b/c 






0 .25 u ra 
u. 020 










:I: 0 .35 
~ 0.30 
B 
u 0 .25 
ra 
u. 0 .20 
~ 0.15 
;; 0 .10 
005 
Left leg: lower anterior 
0.00 ~~t1:===:::=====j 
o 1 2 3 4 5 6 7 8 9 10 
b/c 














• aJo- 100 
a o/e-50 
• aJc-20 
o ale. 1 5 
• ale - 10 
+ o/e-05 
• ale - 02 
- model 
















Z 0 .35 
.9 0 .30 






Left leg: lower exterior 
0 1 2 3 4 5 6 7 8 9 10 
b /c 
Left fOOl: il1step 
2 3 4 5 e 7 8 9 10 
b/c 
• alc-100 
a ale -50 
• ale - 20 
o ale - 1 5 
6 ale. 10 
+ o/e-05 
• ale · 02 
- model 
• ale· 100 
a ale. 50 
• o/e - 20 
o ale. 1!5 
A ale· 10 
+ ale· 05 
• we -02 
- model 
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c.s Sedentary posture: Floor 
Head Forehead Face: anterior 
0.45 0 .45 045 
0.40 0 .40 0 .40 
:I: 0.35 :!: 0.35 :!: 0.35 · ale - 100 0 ale' 50 
2 0.30 0.30 0 .30 2 2 • ale' 20 
0 0.25 0 0.25 0 0 .25 0 ale - 1 5 
OJ OJ OJ 




~ + ale· 05 
Q) Q) - Q) 0.15 :> :> :> • ale - 0 2 0.10 0.10 
~ 
010 - mOdel 
0.05 0.05 0.05 
0.00 •• 0.00 _. 0 .00 
a 1 3 4 5 6 7 6 9 10 a 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10 
b/e b/e b/e 
Face: left Neck: anterior Neck: left exterior 
0.45 0.45 0.45 
0.40 0.40 040 
:!: 0.35 :!: 0.35 :r: 0,35 · We· 10 0 0 !Ie· 50 
2 0 .30 2 
0.30 0 30 
2 • ale - 2 0 
0 0.25 0 0.25 0 0 25 0 lie - ., 5 
OJ OJ OJ 
u.. 0.20 u.. 0.20 u.. 0 20 .. ale - ., 0 
~ ~ 0.15 ---i 
~ 
015 + lie - OS Q) 0.15 Q) Q) 
:> :> 
~ 
:> • we- 0 2 0.10 0.10 010 - model 
0.05 0.05 005 .... 0.00 0.00 0 00 
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 7 6 9 10 2 3 4 5 6 7 6 9 10 
b/e b/e b/e 
Thorax: anterior Abdomen: anterior Left arm: upper onterior 
0.45 0.45 045 
0.40 0.40 040 
:!: 0.35 ::!: 0.35 :I: 0.35 • ale· 10 a o ale· 00 
2 0.30 ~ 
0.30 
~ 
0.30 • ale -20 
0 0 2 5 0 25 02 5 0 lie. 15 
OJ OJ OJ 
u.. 0 .20 u.. 0.20 u.. 0 20 .. lie. " 0 
~ ~ 0.15 
~ 
0.15 + lie· 06 Q) 0.15 Q) Q) 
:> --1 :> :> ~ 
• tic. 02 
0.10 
~ 
0.10 0.10 - mOdel 
0.05 0.05 005 
. Aft .. 
0.00 0.00 .; 0 00 
a 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 6 9 10 
b/e bte b/e 
Left arm: upper exterior Left arm: upper posterior Lef t arll/: IOlller ex terior 
0.45 0.45 0 45 
0.40 0.40 0 40 
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List of garment used in the simulations, 
Local view factors of the subject 
regarding to the experimental series of 
Olesen et ale (1972), Berglund and 
Fobelets (1987), and the chilled-ceiling 
series of Loveday et ale (1998, 2001 and 
2002), and 
Environmental conditions in the 
experimental series of Olesen et ale 
(1972), Berglund and Fobelets (1987) 
and_the chilled-ceiling series of Loveday 
et ale (1998, 2001 and 2002) 
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Table D.l The local thermal and evaporative resistances of individual items 
used in the simulations of the heated-ceiling, cooled-ceiling, warm-wall, and 
cold-wall series of Fanger et al. (1980 and 1985) and in the simulations 
regarding to hot spatial and cold spatial-wall series of McNall and Biddison 
(1970). 
11 (number of items) 
briefs (single knit) Rf=0.0200m2K/W, Ref= 4.0 m2Pa/W 
ReI fcl Recl longwave emiss. shortwave abs. 
[clo] [ ] [ ] [ ] [ ] 
0.216 1. 018 6.1 0.950 0.700 
1 (number of body elements covered) 
6 0 (body element number, covered sector(s) : O=all) 
Ankle length athletic socks (knit) Rf =0.0360m2K/W, Ref= 4.0 m2Pa/W 
Rcl fcl Recl longwave emiss. shortwave abs. 
[c 10] [ ] [ ] [ ] [ ] 
0.823 1.222 13.2 0.950 0.700 
1 (number of body elements covered) 























shirt collar (broadcloth) Rf=0.0240m2K/W, Ref-
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
2.0 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 
shirt collar (broadcloth) 
Recl longwave emiss. 






(number of body elements covered) 
(body element number, covered sector(s): O-all) 
shirt collar (broadcloth) . Rf-0.0240m2K/W, Ref-
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
9.8 0.950 0.700 
(number of body elements covered) 
























shirt collar (broadcloth) Rf=0.0240m2K/W, Ref-
Reel longwave emiss. shortwave abs. 
[ J C 1 [ ] 
11.0 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O=all) 
shirt collar (broadcloth) Rf=0.0240m2K/W, Ref. 
Reel longwave emiss. shortwave abs. 
[ ] [ J [ ] 
8.3 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): Ozall) 





. shortwave abs. 
[ ] 
6.9 0.950 0.700 
(number of body elements covered) 



























Recl longwave emiss. shortwave abs. 
[ ] [ J [ ] 
13.7 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 











9.5 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 














(number of body elements covered) 
(body element number, covered sector(s): O-all) 
Notes: 1= head, 2= face, 3= neck, 4= shoulders, 5= thorax, 6= abdomen, 
7= upper arms, 8= lower arms, 9= hands, 
10= upper legs, 11= lower legs, and 12= feet. 
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Table D.2 A list of garment used in the simulations of the experimental series 














(number of garments) 
knit (Iel=0.05, fel=1.01, Ref=0.0052, if=0.416) 
feli iel eps swrAbsp 
[] [] [] [] 
1.043 0.413 0.950 0.70 
(number of body elements covered) 
o (body element number, covered side(s» 
(Icl=0.600 clo, fcl=1.000, Ref=0.2400 [m2kPa/W], if=0.3000 
fel* iel* longwave emiss. shortwave aba. 
[] [] [] [] 
1.000 
o 
0.300 0.950 0.700 
(number of body elements covered) 
(body element number, covered side(s) 
Table D.3 A list of garment used in the simulations of the experimental series 
of Hodder (2002). 






(single knit) Rf=0.0200m2K/W, Ref= 4.0 m2Pa/W 
fel Reel longwave emiss. shortwave abs. 
[ ] [ ] [ ] [ ] 
1. 018 6.1 0.950 0.700 
(number of body elements covered) 







length athletic socks (knit) Rf-0.0360m2K/W, Ref- 4.0 m2Pa/W 
fcl Reel longwave emiss. shortwave aba. 


















13.2 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 










(number of body elements covered) 
(body element number, covered sector(s): O-all) 







11.0 0.950 0.500 
(number of body elements covered) 












[clo] [ ] 













[clo] [ ] 




























shirt collar (broadcloth) Rf=0.0240m2K/W, Ref= 
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
11.0 0.950 0.500 
(number of body elements covered) 
(body element number, covered sector(s): O=all) 
shirt collar (broadcloth) Rf=0.0240m2K/W, Ref~ 
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
11.0 0.950 0.500 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 
shirt collar (broadcloth) Rf=0.0240m2K/W, Ref-
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
11.0 0.950 0.500 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 
shirt collar (broadcloth) Rf-0.0240m2K/W, Ref. 
Recl longwave emiss. shortwave abs. 
[ J C J [. ] 
11.0 0.950 0.500 
(number of body elements covered) 
(body element number, covered sector(s) : O-all) 
shirt collar (broadcloth) Rf-0.0240m2K/W, Ref. 
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
8.3 0.950 0.500 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 







8.3 0.950 0.500 
(number of body elements covered) 
(body element number, covered seetor(s): O-all) 
shirt collar (broadcloth) Rf-0.0240m2K/w, Ref. 
Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
8.3 0.950 0.500 
(number of body elements covered) 
(body element number, covered sector(s) : O-all) 
shirt collar (broadcloth) Rf.0.0240m2K/W, Ref. 





























(number of body elements covered) 
(body element number, covered seetor(s): O=all) 














(number of body elements covered) 
(body element number, covered seetor(s): O=all) 














(number of body elements covered) 
(body element number, covered seetor(s): O-all) 













fel Reel longwave emiss. shortwave abs. 
[ ] [ ] [ ] [ ] 
1.249 7.8 0.950 0.700 
(number of body elements covered) 
0 (body element number, covered seetor(s) : . O-all) 
shoes Rf=0.10S0m2K/W, Ref. 5.2 m2Pa/W 
fel Reel longwave emiss. shortwave abs. 
[] [] [] [] 
1.371 9.0 0.950 0.700 
(number of body elements covered) 
o (body element number, covered seetor(s): O-all) 
Table D.4 A list of garment used in the simulations of the chilled-ceiling series 








(number of garments worn) 
knit (Icl z O.05, fel-1.01, Ref=0.0052, if-0.416) 
feli icl eps swrAbsp 
[] [] [] [] 
1.043 0.413 0.950 0.70 
o 
(number of body elements covered) 
(body element number, covered side(s» 
undershirt 
Iel* fel* iel* longwave emiss. shortwave abs. 
[elo] [ ] [ ] [ ] [ ] 
0.140 1. 080 0.500 0.950 0.700 
4 (number of body elements covered) 
4 0 (body element number, covered side(s) 
5 0 (body element number, covered side(s) 
6 0 (body element number, covered side(s) 
7 0 (body element number, covered side(s) 
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twill shirt, long sleeve (lcl=0.33, fcl=1.13, Ref=0.004, if=0.541) 
lcli fcli icl eps swrAbsp 
[clo] [ ] [ ] [ ] [ ] 
0.570 1.229 0.478 0.950 0.70 
5 (number of body elements covered) 
4 0 (body element number, covered side(s» 
5 0 (body element number, covered side(s» 
6 0 (body element number, covered side(s» 
7 0 (body element number, covered side(s» 
8 0 . (body element number, covered side(s» 
Shirt Long-sleeve, shirt collar (broadcloth) Rf=0.0240m2K/W, Ref. 
2.4 m2Pa/W 
ReI fcl Reel longwave emiss. shortwave aba. 
[clo] [ ] [ ] [ ] [ ] 
0.280 1.432 0.0 0.950 0.700 
1 (number of body elements covered) 























9.5 0.950 0.700 
(number of body elements covered) 
(body element number, covered side(s» 
(body element number, covered side(s» 
(body element number, covered side(s» 
socks, knit (lcl=0.04, fcl=1.01, Ref.0.0052, if-0.416) 
lcli fcli icl eps swrAbsp 
[clo] [ ] [ ] e ] [ ] 







1 (number of body elements covered) 
12 0 (body element number, covered side(s» 
shoes (fcl=1.04, Ref.0.047, if=0.100) 
fcli icl epa swrAbsp 
[] [] [] [] 
1.703 0.138 0.950 0.70 
(number of body elements covered) 















(number of items) 
knit) Rf=0.0200m2K/W, Ref= 
Reel longwave emiss. 
4.0 m2pa/W 
shortwave abs. 
[ ] [ ] [ ] 
1. 018 6.1 0.950 0.700 
(number of body elements covered) 







length athletic socks (knit) Rf=0.0360m2K/W, Ref- 4.0 m2Pa/W 
fcl Recl longwave emiss. shortwave abs. 












. Rcl fcl 


























13.2 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O=all) 







2.0 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): Ozall) 
shirt collar (broadcloth) Rf~0.0240m2K/W, Ref. 
Recl 
[ ] 




11.0 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 







11.0 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 







11.0 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 







8.3 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O-all) 
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[ ] [ ] [ ] 
8.3 0.950 0.700 
(number of body elements covered) 



























Recl longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
13.7 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O=all) 





Reel longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
9.5 0.950 0.700 
(number of body elements covered) 
(body element number, covered sector(s): O~all) 











7.8 0.950 0.700 
(number of body elements covered) 




























fcl Recl longwave emiss. 
[ ] [ ] [ ] 
1.191 13.8 0.950 0.700 
(number of body elements covered) 
o (body element number, covered sector(s): O=all) 
Jacket (denim) Rf=0.0370m2K/W, Ref- 6.6 m2Pa/W 
shortwave abs. fcl Reel longwave emiss. 
[ ] [ ] [ ] 
1.060 13.7 0.950 
[ ] 
0.700 
(number of body elements covered) 
o (body element number, covered sector(s): O.all) 
Jacket (denim) Rf=O.0370m2K/W, Ref- 6.6 m2Pa/W 
fcl Recl longwave emiss. shortwave abs. 
[] [] [] [] 
1.181 25.6 0.950 0.700 
(number of body elements covered) 
o (body element number, covered sector(s): O-all) 
Jacket (denim) Rf.0.0370m2K/W, Ref- 6.6 m2Pa/W 
shortwave abs. fcl Recl longwave emiss. 
[ ] [ ] [ ] [ ] 
1. 390 18.4 0.950 0.700 
(number of body elements covered) 
o (body element number, covered sector(s): O-all) 
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suite Jacket (denim) Rf=0.0370m2K/W, Ref= 6.6 m2Pa/W 
Rcl fclRecl longwave emiss. shortwave abs. 
[c 10] [ ] [ ] [ ] [ ] 
0.859 1.341 17.5 0.950 0.700 
1 (number of body elements covered) 







shoes Rf=0.1050m2K/W, Ref= 5.2 m2Pa/W 
fcl Recl longwave emiss. shortwave abs. 
[] [] [] [] 
1.371 9.0 0.950 0.700 
(number of body elements covered) 
o (body element number, covered sector(s): O=all) 
Table D.6 List of garments used in the simulations of the experimental series 
of Berglund and Fobelets (1987). 







knit (Ic1=0.05, fcl=1.01, Ref=0.0052, if=0.416) 
fcli icl eps swrAhsp 
[] [] [] [] 
1.043 0.413 0.950 0.70 
(number of body elements covered) 
o (body element number, covered side(s» 
undershirt 
Icl* fcl* 







ic1* longwave emiss. shortwave abs. 
[ ] [ ] [ ] 
0.500 0.950 0.700 
(number of body elements covered) 
(body element number, covered side(s) 
(body element number, covered side(s) 
(body element number, covered side(s) 
(body element number, covered side(s) 
twill shirt, long sleeve (Ic1=0.33, fcl=1.13, Ref=0.004, if-0.541) 
Icli fcli icl eps swrAhsp 
[clo] [ 1 [ ] [ ] [ ] 
0.570 1.229 0.478 0.950 0.70 
5 (number of body elements covered) 
4 0 (body element number, covered side(s» 
5 0 (body element number, covered side(s» 
6 0 (body element number, covered side(s» 
7 0 (body element number, covered side(s» 
8 0 (body element number, covered side(s» 
sweater (knit) (Icl=, fcl .. 1. , Ref .. O.O, if ... O .416) 
lcli feE icl eps shortwave abs. 
[clo] [ 1 [ ] [ 1 [ ] 
0.600 1.20 0.03 0.950 0.700 
5 (number of body elements covered) 
4 0 (body element number, covered side(s» 
5 0 (body element number, covered side(s» 
6 0 (body element number, covered side(s» 
7 0 (body element number, covered side(s» 










(Icl=0.30, fcl=1.09, Ref=0.004, if=0.541) 
eps swrAbsp 















(number of body elements covered) 
(body element number, covered side(s)) 
(body element number, covered side(s)) 
(body element number, covered side(s)) 
knit (Icl=0.04, fcl=1.01, Ref=0.0052, if=0.416) 
fcli icl eps swrAbsp 
[] [] [] [] 
1.176 0.407 0.950 0.70 
(number of body elements covered) 








fcli icl eps swrAbsp 
[] [] [] [] 
1.703 
o 
0.138 0.950 0.70 
(number of body elements covered) 
(body element number, covered side(s)) 
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Table D.7 Detailed local view factors of the subject regarding to the 
experimental series of Olesen et al. (1972) 
Cold L.-warm R. Cold front-warm back 
Body part (warm L.-cold R.) (warm front-cold back) 
L. wall R. wall Front wall Back wall 
Forehead 0.180 0.180 0.242 0.000 
Head 0.198 0.198 0.038 0.150 
Face: Anterior 0.169 0.169 0.175 0.000 
L.Face 0.497 0.000 0.062 0.026 
R. Face 0.000 0.497 0.062 0.026 
Neck: Anterior 0.128 0.128 0.212 0.000 
Neck: Posterior 0.141 0.141 0.000 0.304 
Neck: L. Exterior 0.461 0.000 0.051 0.063 
Neck: R. Exterior 0.000 0.463 0.051 0.063 
L. Shoulder 0.302 0.043 0.045 0.140 
Thorax: Anterior 0.169 0.169 0.230 0.000 
Thorax: Posterior 0.151 0.151 0.000 0.301 
Thorax: L. Inferior 0.194 0.001 0.020 0.057 
Thorax: R. Inferior 0.001 0.197 0.020 0.059 
Abdomen: Anterior 0.076 0.076 0.157 0.000 
Abdomen: Posterior 0.144 0.144 0.000 0.228 
Abdomen: L. Inferior 0.307 0.000 0.002 0.079 
Abdomen: R. Inferior 0.000 0.307 0.002 0.079 
L. Arm: Up. Anterior 0.106 0.028 0.137 0.000 
L. Arm: Up. Posterior 0.329 0.040 0.000 0.255 
L. Arm: Up. Inferior 0.020 0.139 0.000 0.152 
L. Arm: Up. Exterior 0.495 0.001 0.Q75 0.043 
L. Arm: Lo. Anterior 0.001 0.178 0.106 0.003 
L. Arm: Lo. Posterior 0.427 0.000 0.013 0.081 
L. Arm: Lo. Inferior 0.045 0.054 0.000 0.108 
L. Arm: Lo. Exterior 0.336 0.026 0.207 0.000 
L. Hand: Handback 0.258 0.089 0.124 0.014 
L. Hand: Palm 0.062 0.017 0.002 0.031 
L. Leg: Up. Anterior 0.035 0.159 0.081 0.005 
L. Leg: Up. Posterior 0.112 0.023 0.016 0.030 
L. Leg: Up. Inferior 0.000 0.209 0.058 0.000 
L Leg: Up. Exterior 0.369 0.000 0.029 0.026 
L Leg: Lo. Anterior 0.119 0.165 0.268 0.000 
L. Leg: 1.0. Posterior 0.115 0.099 0.001 0.098 
L. Leg: 1.0. Inferior 0.000 0.251 0.090 0.029 
L.Leg:1.o.Exterior 0.369 0.000 0.075 0.023 
L. Foot: Instep 0.200 0.166 0.094 0.054 
L. Foot: Sole 0.329 0.107 0.144 0.066 
R. Shoulder 0.043 0.303 0.045 0.140 
R. Arm: Up. Anterior 0.027 0.104 0.134 0.000 
R. Arm: Up. Posterior 0.040 0.329 0.000 0.255 
R. Arm: Up. Inferior 0.141 0.021 0.000 0.155 
R. Arm: Up. Exterior 0.001 0.495 0.Q75 0.043 
R. Arm: 1.0. Anterior 0.178 0.001 0.106 0.003 
R. Arm: Lo. Posterior 0.000 0.427 0.013 0.081 
R. Arm: Lo. Inferior 0.054 0.045 0.000 0.108 
R. Arm: Lo. Exterior 0.026 0.335 0.207 0.000 
R. Hand: Handback 0.089 0.257 0.123 0.014 
R. Hand: Palm 0.018 0.064 0.002 0.032 
R. Leg: Up. Anterior 0.159 0.035 0.080 0.005 
R. Leg: Up. Posterior 0.023 0.111 0.016 0.030 
R. Leg: Up. Inferior 0.209 0.000 0.058 0.000 
R. Leg: Up. Exterior 0.000 0.368 0.029 0.026 
R. Leg: Lo. Anterior 0.165 0.119 0.268 0.000 
R. Leg: 1.0. Posterior 0.099 0.114 0.001 0.097 
R. Leg: 1.0. Inferior 0.249 0.000 0.090 0.029 
R.Leg:1.o.Exterior 0.000 0.371 0.075 0.023 
R. Foot: Instep 0.166 0.200 0.094 0.054 
R. Foot: Sole 0.107 0.328 0.144 0.066 
Whole body 0.143 0.143 0.076 0.068 
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Ta~le D.S Detailed local view factors of the subject regarding to the cool-wall 
senes of Berglund and Fobelets (1987) and the chilled-ceiling series of Loveday 
et al. (1998, 2001 and 2002). 
Body part 
Cool-wall series of Berglund and Chilled-ceiling series of Loveday et a1. 
Fobelets (1987) (19<)8 2001 and 2002) 
Cool wall Rest of chamber Chilled ceilinl!: Rest of chamber 
Forehead 0.088 0.891 0.202 0.777 
Head 0.437 0.527 0.265 0.698 
Face: Anterior 0.112 0.712 0.129 0.696 
L.Face 0.616 0.268 0.146 0.738 
R.Face 0.029 0.855 0.146 0.739 
Neck: Anterior 0.052 0.715 0.116 0.651 
Neck: Posterior 0.687 0.255 0.241 0.702 
Neck: L. Exterior 0.589 0.241 0.189 0.641 
Neck: R. Exterior 0.079 0.754 0.189 0.644 
L.ShouJder 0.437 0.447 0.289 0.596 
Thorax: Anterior 0.088 0.824 0.187 0.725 
Thorax: Posterior 0.721 0.268 0.168 0.821 
Thorax: L. Inferior 0.282 0.173 0.032 0.424 
Thorax: R. Inferior 0.097 0.367 
0.032 0.432 
Abdomen: Anterior 0.022 0.469 
0.098 0.392 
Abdomen: Posterior 0.668 0.332 
0.115 0.885 
Abdomen: L. Inferior 0.564 0.105 
0.061 0.608 
Abdomen: R. Inferior 0.108 0.560 
0.061 0.606 
L. Arm: Up. Anterior 0.066 0.409 
0.071 0.404 
L. Arm: Up. Posterior 0.911 0.089 
0.175 0.825 
L. Arm: Up. Inferior 0.308 0.289 0.057 
0.540 
L. Arm: Up. Exterior 0.542 0.411 0.169 
0.784 
L. Arm: 1.0. Anterior 0.006 0.420 
0.086 0.340 
L. Arm: 1.0. Posterior 0.782 0.218 
0.054 0.946 
L. Arm: 1.0. Inferior 0.222 0.392 
0.025 0.589 
L. Arm: 1.0. Exterior 0.205 0.662 
0.170 0.697 
L. Hand: Handback 0.177 0.538 
0.145 0.569 
L. Hand: Palm 0.154 0.100 
0.023 0.231 
L. Leg: Up. Anterior 0.018 0.413 
0.109 0.322 
L. Leg: Up. Posterior 0.191 0.755 
0.000 0.946 
L. Leg: Up. Inferior 0.000 0.563 
0.064 0.500 
L. Leg: Up. Exterior 0.420 0.356 
0.059 0.717 
L. Leg: 1.0. Anterior 0.035 0.965 
0.117 0.883 
L. Leg: 1.0. Posterior 0.316 0.393 0.037 
0.672 
L. Leg: 1.0. Inferior 0.030 0.711 0.055 
0.686 
L. Leg: 1.0. Exterior 0.352 0.572 0.074 
0.850 
L. Foot: Instep 0.217 0.669 0.130 
0.756 
L. Foot: Sole 0.009 0.889 0.000 
0.897 
R.Shoulder 0.198 0.688 0.289 
0.597 
R. Arm: Up. Anterior 0.002 0.462 0.071 0.393 
R. Arm: Up. Posterior 0.466 0.534 0.175 0.825 
R. Arm: Up. Inferior 0.550 0.056 0.057 0.550 
R. Arm: Up. Exterior 0.046 0.908 0.169 0.784 
R. Arm: Lo. Anterior 0.098 0.328 0.086 0.340 
R. Arm: 1.0. Posterior 0.136 0.864 0.054 0.946 
R. Arm: Lo. Inferior 0.237 0.376 0.025 0.588 
R. Arm: Lo. Exterior 0.000 0.864 0.170 0.694 
R. Hand: Handback 0.051 0.661 0.145 0.567 
R. Hand: Palm 0.090 0.169 0.023 0.236 
R. Leg: Up. Anterior 0.105 0.323 0.109 0.320 
R. Leg: Up. Posterior 0.101 0.835 0.000 0.936 
R. Leg: Up. Inferior 0.119 0.444 0.064 0.499 
R. Leg: Up. Exterior 0.028 0.748 0.059 0.717 
R. Leg: Lo. Anterior 0.068 0.932 0.117 0.883 
R. Leg: La. Posterior 0.285 0.422 0.037 0.670 
R. Leg: Lo. Inferior 0.214 0.522 0.055 0.682 
R.Leg:Lo.Exterior 0.022 0.905 0.074 0.853 
R. Foot: Instep 0.191 0.693 0.130 0.754 
R. Foot: Sole 0.004 0.891 0.000 0.895 
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Figure D.l Environmental conditions in the simulations regarding to 
experimental series of Olesen et al. (1972). 
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Table D.9 Environmental conditions and local discomfort results in the 
experimental series of Berglund and Fobelets (1987). 
Radiant 
Local temp. MRT To Ta Va RH series discomfort asymmetry [OC] [OC] [OC] [ms- l ] [%] [%] rOC] 
(N-3)#1 0 18.74 18.46 18.09 0.07 40.90 50±7 
(N-3)#2 5 18.14 18.71 19.50 0.07 38.22 58±7 
(N-3)#2 10 17.53 19.05 20.75 O.OB 36.84 4B±7 
(N-3)#2 17 16.47 19.80 22.26 0.02 31.45 45±7 
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Figure D.2 Environmental conditions in the simulations regarding to chilled-
ceiling series of Loveday et al. (1998, 2001 and 2002). 
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AppendixE 
Predicted mean skin, rectal, local skin 
temperature and measured sensitivity 
coefficients 
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Table E.l Predicted temperatures of subject obtained for warm/hot ceiling 
exposure (Fanger et al., 1980), 
Predicted local skin temperature (Tsk il 
Body parts Tsk,l,o 60 90 120 150 180 210 
(min) (min) (min) (min) (min) (min) 
Forehead 35.6 34.5 34.7 34.8 35.0 35.2 35.4 
Head 35.7 34.7 35.0 35.1 35.3 35.6 35.8 
Face: Anterior 35.7 34.5 34.7 34.7 34.8 34.9 34.9 
L.Face 35.7 34.5 34.7 34.S 34.9 35.0 35.1 
R.Face 35.7 34.5 34.7 34.S 34.9 35.0 35.1 
Neck: Anterior 35.2 34.3 34.4 34.5 34.5 34.6 34.6 
Neck: Posterior 35.2 34.2 34.4 34.5 34.7 34.9 35.0 
Neck: L. Exterior 35.2 34.3 34.5 34.6 34.S 35.1 35.2 
Neck: R. Exterior 35.2 34.3 34.5 34.6 34.S 35.0 35.2 
L. Shoulder 34.2 33.6 33.9 34.2 34.5 34.9 35.1 
Thorax: Anterior 34.9 34.6 34.7 34.9 35.0 35.2 35.3 
Thorax: Posterior 34.9 34.6 34.7 34.7 34.S 34.9 34.9 
Thorax: L. Inferior 35.4 34.9 34.9 34.9 34.9 34.S 34.8 
Thorax: R. Inferior 35.4 34.9 34.9 34.9 34.S 34.8 34.8 
Abdomen: Anterior 34.2 34.2 34.2 34.2 34.3 34.3 34.3 
Abdomen: Posterior 34.2 33.9 33.9 33.9 33.8 33.8 33.8 
Abdomen: L. Inferior 34.5 34.1 34.1 34.0 34.0 33.9 33.9 
Abdomen: R. Inferior 34.5 34.1 34.1 34.0 34.0 33.9 33.9 
L. Arm: Up. Anterior 33.8 33.4 33.3 33.2 33.1 33.0 32.9 
L. Arm: Up. Posterior 33.7 33.1 33.1 33.0 33.0 33.1 33.0 
L. Arm: Up. Inferior 34.2 33.3 33.2 33.0 32.9 32.7 32.6 
L. Arm: Up. Exterior 33.7 33.6 33.6 33.6 33.7 33.8 33.8 
L. Arm: Lo. Anterior 33.2 32.7 32.6 32.4 32.3 32.2 32.1 
L. Arm: Lo. Posterior 33.2 32.3 32.2 32.0 31.8 31.6 31.4 
L. Arm: Lo. Inferior 33.5 32.5 32.4 32.1 31.9 31.7 31.4 
L.Arm:Lo.Exterior 33.1 32.4 32.4 32.3 32.3 32.4 32.3 
L. Hand: Handback 35.1 33.0 33.0 32.8 32.7 32.7 32.6 
L. Hand: Palm 35.4 33.6 33.4 33.1 32.9 32.6 32.3 
L. Leg: Up. Anterior 34.2 32.7 32.7 32.7 32.7 32.7 32.6 
L. Leg: Up. Posterior 34.1 33.2 33.0 32.8 32.6 32.4 32.2 
L. Leg: Up. Inferior 34.5 33.4 33.3 33.2 33.2 33.1 33.0 
L. Leg: Up. Exterior 34.2 33.3 33.2 33.1 33.0 32.9 32.8 
L. Leg: Lo. Anterior 33.7 32.4 32.3 32.2 32.0 31.9 31.7 
L. Leg: Lo. Posterior 33.7 31.6 31.5 31.2 31.0 30.7 30.5 
L. Leg: Lo. Inferior 33.8 32.6 32.4 32.3 32.1 31.9 31.7 
L.Leg:Lo.Exterior 33.7 32.4 32.4 32.2 32.1 31.9 31.8 
L. Foot: Instep 33.4 31.5 31.2 30.8 30.5 30.2 30.0 
L. Foot: Sole 33.3 32.3 31.9 31.3 30.9 30.4 29.9 
R. Shoulder 34.2 33.6 33.9 34.2 34.5 34.9 35.1 
R. Arm: Up. Anterior 33.B 33.4 33.3 33.2 33.1 33.0 32.9 
R. Arm: Up. Posterior 33.7 33.1 33.1 33.0 33.0 33.1 33.0 
R. Arm: Up. Inferior 34.2 33.3 33.2 33.0 32.9 32.7 32.5 
R. Arm: Up. Exterior 33.7 33.6 33.6 33.6 33.7 33.B 33.8 
R. Arm: Lo. Anterior 33.2 32.7 32.6 32.4 32.3 32.2 32.1 
R. Arm: Lo. Posterior 33.2 32.3 32.2 32.0 31.8 31.6 31.4 
R. Arm: Lo. Inferior 33.5 32.5 32.4 32.1 31.9 31.7 31.4 
R. Arm: Lo. Exterior 33.1 32.4 32.4 32.3 32.3 32.4 32.3 
R. Hand: Handback 35.1 33.0 33.0 32.8 32.7 32.7 32.6 
R. Hand: Palm 35.4 33.6 33.4 33.1 32.9 32.6 32.3 
R. Leg: Up. Anterior 34.2 32.7 32.7 32.7 32.7 32.7 32.6 
R. Leg: Up. Posterior 34.1 33.2 33.1 32.8 32.6 32.4 32.2 
R. Leg: Up. Inferior 34.5 33.4 33.3 33.2 33.2 33.1 33.0 
R. Leg: Up. Exterior 34.2 33.3 33.2 33.1 33.0 32.9 32.8 
R. Leg: Lo. Anterior 33.7 32.4 32.3 32.2 32.0 31.9 31.7 
R. Leg: Lo. Posterior 33.7 31.6 31.5 31.2 31.0 30.7 30.5 
R. Leg: Lo. Inferior 33.8 32.6 32.5 32.3 32.1 31.9 31.7 
R.Leg:Lo.Exterior 33.7 32.4 32.4 32.2 32.1 31.9 31.8 
R. Foot: Instep 33.4 31.5 31.2 30.8 30.5 30.3 30.0 
R. Foot: Sole 33.3 32.3 31.9 31.3 30.9 30.4 29.9 
Predicted mean skin temperature (T.,., ... ) 33.5 33.5 33.4 33.4 33.3 33.3 
Predicted rectal temperature (T ... ) 37.0 37.0 37.0 37.1 37.1 37.1 
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Table E.2 Predicted temperatures of subject obtained for cool/cold ceiling 
exposure (Fanger et al., 1985). 
Predicted local skin temperature (T.k,i) 
Body parts 60 90 120 150 180 210 
(min) (min) (min) (min) (min) (min) 
Forehead 34.2 34.0 34.0 33.9 33.8 33.8 
Head 34.5 34.3 34.3 34.4 34.3 34.3 
Face: Anterior 34.1 33.9 33.9 33.9 33.8 33.9 
L.Face 34.1 33.9 33.9 33.9 33.9 33.9 
R. Face 34.1 33.9 33.9 33.9 33.9 33.9 
Neck: Anterior 34.0 33.8 33.7 33.8 33.7 33.7 
Neck: Posterior 33.9 33.6 33.5 33.5 33.4 33.5 
Neck: L. Exterior 34.0 33.8 33.7 33.7 33.6 33.7 
Neck: R. Exterior 34.0 33.8 33.7 33.7 33.6 33.7 
L.Shoulder 33.1 33.0 33.1 33.3 33.3 33.4 
Thorax: Anterior 34.5 34.3 34.2 34.1 34.1 34.1 
Thorax: Posterior 34.4 34.4 34.3 34.3 34.3 34.3 
Thorax: L. Inferior 34.8 34.8 34.8 34.9 34.9 35.0 
Thorax: R. Inferior 34.8 34.8 34.8 34.9 34.9 35.0 
Abdomen: Anterior 34.1 33.9 33.7 33.7 33.7 33.7 
Abdomen: Posterior 33.8 33.7 33.5 33.5 33.5 33.5 
Abdomen: L. Inferior 34.0 33.9 33.8 33.8 33.8 33.9 
Abdomen: R. Inferior 34.0 33.9 33.8 33.8 33.8 33.9 
L. Arm: Up. Anterior 33.1 32.9 32.9 33.0 33.0 33.1 
L. Arm: Up. Posterior 32.8 32.6 32.4 32.4 32.5 32.6 
L. Arm: Up. Inferior 33.0 32.9 32.9 33.0 33.1 33.2 
L. Arm: Up. Exterior 33.3 33.2 33.0 33.0 33.1 33.1 
L. Arm: Lo. Anterior 32.5 32.3 32.2 32.3 32.3 32.4 
L. Arm: Lo. Posterior 32.1 32.1 31.9 32.0 32.1 32.2 
L. Arm: Lo. Inferior 32.4 32.3 32.3 32.4 32.5 32.7 
L.Arm:Lo.Exterior 32.2 31.9 31.6 31.6 31.6 31.6 
L. Hand: Handback 32.7 32.2 31.9 31.8 31.8 31.9 
L. Hand: Palm 33.4 33.0 33.0 33.1 33.1 33.2 
L. Leg: Up. Anterior 32.5 32.2 32.1 32.2 32.3 32.4 
L. Leg: Up. Posterior 32.9 32.9 32.9 33.0 33.2 33.3 
L. Leg: Up. Inferior 33.2 33.0 33.0 33.1 33.2 33.3 
L. Leg: Up. Exterior 33.0 32.9 32.9 33.0 33.1 33.2 
L. Leg: Lo' Anterior 32.3 32.1 31.9 31.9 31.9 32.0 
L. Leg: Lo. Posterior 31.5 31.3 31.2 31.4 31.6 31.7 
L. Leg: 1.0. Inferior 32.4 32.3 32.2 32.3 32.4 32.5 
L. Leg: 1.0. Exterior 32.3 32.2 32.1 32.2 32.2 32.3 
L. Foot: Instep 31.6 31.0 30.5 30.3 30.2 30.1 
L. Foot: Sole 32.5 32.1 31.6 31.5 31.3 31.3 
R. Shoulder 33.0 33.0 33.1 ,33.3 33.3 33.4 
R. Arm: Up. Anterior 33.1 32.9 32.9 33.0 33.0 33.1 
R. Arm: Up. Posterior 32.8 32.6 32.4 32.4 32.5 32.6 
R. Arm: Up. Inferior 33.0 32.9 32.9 33.0 33.1 33.2 
R. Arm: Up. Exterior 33.3 33.2 33.0 33.0 33.1 33.1 
R. Arm: Lo. Anterior 32.5 32.3 32.2 32.3 32.3 32.4 
R. Arm: Lo. Posterior 32.1 32.1 31.9 32.0 32.1 32.2 
R. Arm: 1.0. Inferior 32.4 32.3 32.3 32.4 32.5 32.7 
R. Arm: Lo. Exterior 32.2 31.9 31.6 31.6 31.6 31.6 
R. Hand: Handback . 32.7 32.2 31.9 31.8 31.8 31.9 
R. Hand: Palm 33.4 33.0 33.0 33.1 33.1 33.2 
R. Leg: Up. Anterior 32.5 32.2 32.1 32.2 32.3 32.4 
R. Leg: Up. Posterior 32.9 32.9 32.9 33.0 33.2 33.3 
R. Leg: Up. Inferior 33.2 33.0 33.0 33.1 33.2 33.3 
R. Leg: Up. Exterior 33.0 32.9 32.9 33.0 33.1 33.2 
R. Leg: 1.0. Anterior 32.3 32.1 31.9 31.9 31.9 32.0 
R. Leg: Lo. Posterior 31.5 31.3 31.3 31.4 31.6 31.7 
R. Leg: 1.0. Inferior 32.4 32.3 32.2 32.3 32.4 32.5 
R. Leg: Lo. Exterior 32.3 32.2 32.1 32.2 32.2 32.3 
R. Foot: Instep 31.6 31.0 30.5 30.3 30.2 30.1 
R. Foot: Sole 32.5 32.1 31.6 31.5 31.3 31.3 
Predicted mean skin temperature (T ....... > 33.3 33.1 32.9 33.0 33.0 33.0 
Predicted rectal temperature (T re) 37.2 37.2 37.2 37.1 37.1 37.1 
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Table E.3 Predicted temperatures of subject obtained for warm/hot wall 
exposure (Fanger et aI., 1985). 
Predicted local skin temperature (Tsk i) 
Body parts 60 90 120 150 180 210 
(min) (min) (min) (min) (min) (min} 
Forehead 34.5 34.7 34.8 34.8 34.9 34.8 
Head 34.7 34.9 34.9 34.9 34.9 34.7 
Face: Anterior 34.6 34.8 34.9 34.9 35.1 34.9 
L. Face 34.8 35.3 35.9 36.4 37.1 37.2 
R. Face 34.3 34.4 34.2 34.0 33.7 33.3 
Neck: Anterior 34.3 34.5 34.6 34.6 34.7 34.5 
Neck: Posterior 34.1 34.3 34.3 34.2 34.3 34.1 
Neck: L. Exterior 34.5 34.9 35.4 35.8 36.3 36.4 
Neck: R. Exterior 34.1 34.1 33.9 33.6 33.4 33.1 
L. Shoulder 33.8 33.9 34.1 34.1 34.2 34.2 
Thorax: Anterior 34.6 34.7 34.9 35.0 35.1 35.1 
Thorax: Posterior 34.5 34.6 34.7 34.8 34.9 34.9 
Thorax: L. Inferior 34.9 35.1 35.3 35.6 35.8 35.9 
Thorax: R. Inferior 34.7 34.7 34.6 34.5 34.3 34.1 
Abdomen: Anterior 34.2 34.2 34.2 34.1 34.1 34.0 
Abdomen: Posterior 33.9 34.0 34.1 34.2 34.4 34.4 
Abdomen: L. Inferior 34.2 34.5 34.9 35.4 35.9 36.3 
Abdomen: R. Inferior 33.9 33.8 33.7 33.4 33.2 32.6 
L. Arm: Up. Anterior 33.4 33.3 33.4 33.4 33.4 33.3 
L. Arm: Up. Posterior 33.2 33.3 33.6 33.9 34.3 34.4 
L. Arm: Up. Inferior 33.1 33.0 32.8 32.5 32.2 31.9 
L. Arm: Up. Exterior 33.7 34.0 34.4 34.8 35.3 35.6 
L. Arm: 1.0. Anterior 32.5 32.3 31.9 31.5 31.1 30.7 
L. Arm: 1.0. Posterior 32.6 33.0 33.8 34.5 35.4 35.8 
L. Arm: 1.0. Inferior 32.4 32.3 32.2 32.0 31.8 31.5 
L.Arm:Lo.Exterior 32.5 32.6 32.9 33.2 33.5 33.6 
L. Hand: Handback 32.9 32.9 33.0 33.0 33.1 32.9 
L. Hand: Palm 33.5 33.4 33.3 33.1 33.1 32.8 
L. Leg: Up. Anterior 32.6 32.4 32.1 31.8 31.5 31.1 
L. Leg: Up. Posterior 33.1 33.1 33.2 33.2 33.2 33.1 
L. Leg: Up. Inferior 33.2 33.1 32.8 32.5 32.2 31.8 
L. Leg: Up. Exterior 33.5 33.8 34.3 34.9 35.6 36.0 
L. Leg: 1.0. Anterior 32.3 32.3 32.2 32.1 32.0 31.8 
L. Leg: 1.0. Posterior 31.6 31.6 31.7 31.7 31.8 31.7 
L. Leg: 1.0. Inferior 32.4 32.2 31.9 31.5 31.1 30.7 
L. Leg: 1.0. Exterior 32.6 32.9 33.4 33.9 34.6 34.9 
L. Foot: Instep 31.2 31.0 30.8 30.7 30.6 30.3 
L. Foot: Sole 31.8 31.4 30.9 30.3 ·29.7 29.1 
R. Shoulder 33.7 33.7 33.5 33.3 33.1 32.8 
R. Arm: Up. Anterior 33.3 33.1 33.0 32.7 32.5 32.2 
R. Arm: Up. Posterior 32.9 32.8 32.6 32.3 32.0 31.6 
R. Arm: Up. Inferior 33.3 33.3 33.4 33.5 33.6 33.5 
R. Arm: Up. Exterior 33.4 33.3 33.0 32.7 32.4 32.0 
R. Arm: 1.0. Anterior 32.8 32.8 32.9 33.0 33.2 33.1 
R. Arm: 1.0. Posterior 32.0 31.9 31.5 31.0 30.6 30.0 
R. Arm: 1.0. Inferior 32.4 32.3 32.1 31.9 31.7 31.4 
R.Arm:Lo.Exterior 32.2 32.0 31.7 31.3 30.9 30.4 
R. Hand: Handback 32.7 32.5 32.2 31.9 31.5 30.9 
R. Hand: Palm 33.4 33.1 32.8 32.4 32.0 31.5 
R. Leg: Up. Anterior 32.7 32.7 32.7 32.7 32.7 32.5 
R. Leg: Up. Posterior 33.0 32.9 32.8 32.6 32.4 32.1 
R. Leg: Up. Inferior 33.4 33.5 33.7 33.9 34.2 34.2 
R. Leg: Up. Exterior 33.1 32.9 32.7 32.3 32.0 31.6 
R. Leg: 1.0. Anterior 32.4 32.4 32.4 32.4 32.5 32.3 
R. Leg: 1.0. Posterior 31.5 31.5 31.6 31.6 31.6 31.4 
R. Leg: 1.0. Inferior 32.7 32.8 33.1 33.5 33.8 34.0 
R.Leg:Lo.Exterior 32.3 32.1 31.8 31.4 31.0 30.5 
R. Foot: Instep 31.2 30.9 30.7 30.4 30.3 29.9 
R. Foot: Sole 31.8 31.4 30.8 30.2 29.6 29.0 
Predicted mean skin temperature (T .,,,,) 33.4 33.4 33.4 33.4 33.4 33.2 
Predicted rectal temperature (T ... ) 37.1 37.1 37.1 37.1 37.1 37.1 
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Table E.4 Predicted temperatures of subject obtained for the coolf cold wall 
exposure (Fanger et aI., 1985). 
Body parts 
Predicted local skin temperature (T.k,i) 
60 90 120 150 180 210 
(min) (min) (min) (min) (min) (min) 
Forehead 34.3 34.3 34.4 34.4 34.5 34.5 
Head 34.5 34.6 34.7 34.S 34.S 34.9 
Face: Anterior 34.1 34.2 34.3 34.4 34.4 34.5 
L.Face 33.9 33.S 33.7 33.6 33.5 33.5 
R.Face 34.2 34.4 34.6 34.7 34.8 34.9 
Neck: Anterior 34.0 34.0 34.1 34.2 34.2 34.2 
Neck: Posterior 33.9 33.9 34.0 34.1 34.1 34.2 
Neck: L. Exterior 33.8 33.7 33.6 33.5 33.4 33.4 
Neck: R. Exterior 34.0 34.2 34.3 34.5 34.6 34.6 
L. Shoulder 33.1 33.3 33.5 33.7 33.8 33.9 
Thorax: Anterior 34.4 34.5 34.5 34.5 34.5 34.5 
Thorax: Posterior 34.4 34.4 34.5 34.5 34.5 34.6 
Thorax: L. Inferior 34.6 34.6 . 34.6 34.6 34.6 34.6 
Thorax: R. Inferior 34.7 34.8 35.0 35.1 35.2 35.2 
Abdomen: Anterior 34.1 34.0 34.0 34.1 34.1 34.2 
Abdomen: Posterior 33.9 33.7 33.6 33.6 33.6 33.6 
Abdomen: L. Inferior 33.9 33.6 33.5 33.3 33.2 33.1 
Abdomen: R. Inferior 34.0 34.0 34.1 34.2 34.3 34.4 
L. Arm: Up. Anterior 33.2 33.1 33.1 33.2 33.2 33.3 
L. Arm: Up. Posterior 32.9 32.7 32.5 32.4 32.3 32.3 
L. Arm: Up. Inferior 33.2 33.2 33.3 33.4 33.6 33.7 
L. Arm: Up. Exterior 33.3 33.1 32.9 32.7 32.6 32.6 
L. Arm: Lo. Anterior 32.7 32.7 32.8 33.0 33.2 33.3 
L. Arm: Lo. Posterior 32.1 31.6 31.2 30.9 30.7 30.5 
L. Arm: Lo. Inferior 32.5 32.5 32.5 32.6 32.6 32.7 
L. Arm: Lo. Exterior 32.3 32.0 31.9 31.7 31.6 31.6 
L. Hand: Handback 32.6 32.4 32.3 32.2 32.2 32.3 
L. Hand: Palm 33.3 33.1 33.1 33.1 33.2 33.3 
L. Leg: Up. Anterior 32.5 32.5 32.7 32.9 33.1 33.2 
L. Leg: Up. Posterior 33.0 32.9 32.9 32.9 32.9 33.0 
L. Leg: Up. Inferior 33.2 33.3 33.4 33.6 33.7 33.9 
L. Leg: Up. Exterior 32.9 32.6 32.4 32.2 32.1 32.0 
L. Leg: Lo. Anterior 32.4 32.3 32.3 32.3 32.3 32.4 
L. Leg: Lo. Posterior 31.4 31.3 31.2 31.2 31.2 31.3 
L. Leg: Lo. Inferior 32.5 32.5 32.6 32.8 32.9 33.0 
L. Leg: Lo. Exterior 32.2 31.9 31.7 31.5 31.3 31.2 
L. Foot: Instep 31.6 31.1 30.8 30.5 30.3 30.2 
L. Foot: Sole 32.6 32.2 32.0 31.8 31.7 31.6 
R. Shoulder 33.2 33.4 33.7 34.0 34.3 34.5 
R. Arm: Up. Anterior 33.2 33.2 33.3 33.5 33.6 33.7 
R. Arm: Up. Posterior 33.0 33.0 33.1 33.2 33.3 33.4 
R. Arm: Up. Inferior 33.1 33.0 32.9 32.9 32.9 33.0 
R. Arm: Up. Exterior 33.5 33.5 33.6 33.8 33.9 34.0 
R. Arm: Lo. Anterior 32.5 32.4 32.3 32.3 32.3 32.3 
R. Arm: Lo. Posterior 32.4 32.4 32.5 32.6 32.7 32.9 
R. Arm: Lo' Inferior 32.5 32.5 32.5 32.6 32.7 32.8 
R.Arm:Lo.Exterior 32.4 32.4 32.5 32.6 32.7 32.9 
R. Hand: Handback 32.8 32.6 32.7 32.8 32.9 33.0 
R. Hand: Palm 33.3 33.3 33.3 33.5 33.6 33.7 
R. Leg: Up. Anterior 32.4 32.4 32.4 32.5 32.6 32.7 
R. Leg: Up. Posterior 33.1 33.0 33.1 33.2 33.3 33.4 
R. Leg: Up. Inferior 33.1 33.0 32.9 32.9 32.9 32.9 
R. Leg: Up. Exterior 33.1 33.1 33.3 33.4 33.6 33.7 
R. Leg: Lo' Anterior 32.3 32.2 32.1 32.1 32.1 32.1 
R. Leg: Lo. Posterior 31.4 31.3 31.3 31.3 31.3 31.4 
R. Leg: Lo. Inferior 32.4 32.1 32.0 31.9 31.8 31.8 
R.Leg:Lo.Exterior 32.5 32.4 32.5 32.7 32.8 32.9 
R. Foot: Instep 31.6 31.1 30.8 30.6 30.4 30.4 
R. Foot: Sole 32.6 32.2 32.0 31.8 31.7 31.7 
Predicted mean skin temperature (T Ik,no) 33.3 33.2 33.2 33.2 33.3 33.3 
predicted rectal temperature (T ro) 37.2 37.2 37.2 37.1 37.1 37.1 
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Table E.5 Predicted body temperatures obtained for cold left-warm right series 
of Olesen et al. (1972). 
Predicted local skin 
Body parts temperature (Tsk i) 
30 60 90 120 
(min) (min) (min) (min) 
Forehead 35.0 35.1 35.1 35.1 
Head 35.2 35.3 35.3 35.3 
Face: Anterior 34.8 35.0 35.1 35.1 
L.Face 34.8 35.0 34.9 34.7 
R. Face 34.8 35.0 35.2 35.4 
Neck: Anterior 34.6 34.7 34.8 34.9 
Neck: Posterior 34.5 34.6 34.7 34.7 
Neck: L. Exterior 34.6 34.7 34.6 34.4 
Neck: R. Exterior 34.6 34.7 34.9 35.2 
L.Shoulder 33.3 33.5 33.5 33.4 
Thorax: Anterior 34.0 34.1 34.1 34.2 
Thorax: Posterior 33.9 34.0 34.1 34.1 
Thorax: L. Inferior 34.6· 34.7 34.6 34.5 
Thorax: R. Inferior 34.6 34.7 34.8 34.9 
Abdomen: Anterior 34.1 34.3 34.4 34.4 
Abdomen: Posterior 33.9 34.0 34.1 34.2 
Abdomen: L. Inferior 34.1 34.2 34.2 34.1 
Abdomen: R. Inferior 34.1 34.2 34.4 34.6 
L. Arm: Up. Anterior 32.7 32.9 33.0 33.0 
L. Arm: Up. Posterior 32.2 32.4 32.4 32.2 
L. Arm: Up. Inferior 32.8 32.9 33.0 33.1 
L. Arm: Up. Exterior 32.2 32.4 32.3 31.9 
L. Arm: Lo. Anterior 32.0 32.3 32.6 32.8 
L. Arm: Lo. Posterior 31.6 31.8 31.8 31.5 
L. Arm: Lo. Inferior 32.0 32.2 32.3 32.4 
L. Arm: Lo. Exterior 31.7 31.9 31.9 31.7 
L. Hand: Handback 33.3 33.5 33.6 33.6 
L. Hand: Palm 33.7 34.0 34.1 34.2 
L. Leg: Up. Anterior 33.5 33.6 33.7 33.8 
L. Leg: Up. Posterior 33.0 33.1 33.0 32.9 
L. Leg: Up. Inferior 33.5 33.6 33.6 33.7 
L. Leg: Up. Exterior 33.2 33.2 33.1 32.7 
L. Leg: Lo. Anterior 32.6 32.6 32.6 32.6 
L. Leg: Lo. Posterior 32.8 32.9 32.9 32.8 
L. Leg: La. Inferior 32.9 32.9 33.0 33.1 
L. Leg: Lo. Exterior - 32.6 32.7 32.5 32.2 
L. Foot: Instep 32.0 31.9 31.8 31.7 
L. Foot: Sole 31.9 31.9 31.7 31.4 
R. Shoulder 33.3 33.5 33.7 34.0 
R. Arm: Up. Anterior 32.7 32.9 33.1 33.2 
R. Arm: Up. Posterior 32.2 32.4 32.6 32.9 
R. Arm: Up. Inferior 32.8 32.9 32.9 32.8 
R. Arm: Up. Exterior 32.2 32.4 32.8 33.2 
R. Arm: La. Anterior 32.0 32.3 32.4 32.3 
R. Arm: Lo. Posterior 31.6 31.8 32.2 32.6 
R. Arm: Lo. Inferior 32.0 32.2 32.3 32.4 
R.Arm:Lo.Exterior 31.7 31.9 32.2 32.6 
R. Hand: Handback 33.3 33.5 33.8 34.0 
R. Hand: Palm 33.7 34.0 34.1 34.3 
R. Leg: Up. Anterior 33.5 33.6 33.6 33.5 
R. Leg: Up. Posterior 33.0 33.1 33.1 33.1 
R. Leg: Up. Inferior 33.5 33.S 33.4 33.2 
R. Leg: Up. Exterior 33.2 33.2 33.4 33.6 
R. Leg: Lo. Anterior 32.6 32.6 32.6 32.5 
R. Leg: Lo. Posterior 32.8 32.9 32.9 32.9 
R. Leg: Lo. Inferior 32.9 32.9 32.8 32.5 
R.Leg:Lo.Exterior 32.6 32.7 32.8 33.1 
R. Foot: Instep 32.0 31.9 31.8 31.8 
R. Foot: Sole 31.9 31.9 31.9 32.0 
Predicted mean skin temperature (T -. ... ) 33.4 33.5 33.6 33.6 
Predicted rectal temperature (T ... ) 36.9 36.9 36.9 36.9 
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Table E.6 Predicted body temperatures obtained for cold front-warm back 
series of Olesen et al. (1972). 
Predicted local skin temperature 
Body parts (T.",il 
30 60 90 120 
(min) (min) (min) (min) 
Forehead 35.0 35.1 35.0 34.9 
Head 35.2 35.2 35.3 35.4 
Face: Anterior 34.8 35.0 35.0 34.9 
L. Face 34.8 34.9 35.0 35.0 
R. Face 34.8 34.9 35.0 35.0 
Neck: Anterior 34.6 34.7 34.7 34.7 
Neck: Posterior 34.5 34.6 34.8 35.0 
Neck: L. Exterior 34.5 34.7 34.8 34.8 
Neck: R. Exterior 34.5 34.7 34.7 34.8 
L. Shoulder 33.3 33.5 33.7 33.8 
Thorax: Anterior 34.0 34.1 34.0 33.9 
Thorax: Posterior 34.0 34.0 34.2 34.4 
Thorax: L. Inferior 34.6 34.7 34.7 34.8 
Thorax: R. Inferior 34.6 34.7 34.7 34.7 
Abdomen: Anterior 33.7 33.9 34.0 34.0 
Abdomen: Posterior 33.6 33.7 33.8 34.0 
Abdomen: L. Inferior 33.7 33.9 34.0 34.1 
Abdomen: R. Inferior 33.7 33.9 34.0 34.1 
L. Arm: Up. Anterior 32.7 32.9 32.9 32.9 
L. Arm: Up. Posterior 32.2 32.4 32.6 32.9 
L. Arm: Up. Inferior 32.8 32.9 33.0 33.2 
L. Arm: Up. Exterior 32.3 32.4 32.5 32.5 
L. Arm: Lo. Anterior 32.0 32.3 32.4 32.4 
L. Arm: Lo. Posterior 31.6 31.8 32.0 32.1 
L. Arm: Lo. Inferior 32.0 32.2 32.4 32.5 
L.Arm:Lo.Exterior 31.7 31.9 32.0 31.9 
L. Hand: Handback 33.3 33.5 33.6 33.6 
L. Hand: Palm 33.7 33.9 34.1 34.2 
L. Leg: Up. Anterior 33.5 33.6 33.6 33.5 
L. Leg: Up. Posterior 33.0 33.0 33.0 33.0 
L. Leg: Up. Inferior 33.5 33.5 33.5 33.4 
L. Leg: Up. Exterior 33.2 33.2 33.2 33.2 
L. Leg: Lo. Anterior 32.6 32.6 32.5 32.2 
L. Leg: Lo. Posterior 32.8 32.9 32.9 33.0 
L. Leg: Lo. Inferior 32.9 32.9 32.8 32.7 
L. Leg: Lo. Exterior 32.7 32.7 32.6 32.5 
L. Foot: Instep 32.0 31.9 31.8 31.6 
L. Foot: Sole 32.0 31.9 31.7 31.6 
R. Shoulder 33.3 33.5 33.7 33.8 
R. Arm: Up. Anterior 32.7 32.9 33.0 32.9 
R.Arm:Up.Po~erior 32.2 32.4 32.6 32.9 
R. Arm: Up. Inferior 32.8 . 32.9 33.0 33.2 
R. Arm: Up. Exterior 32.3 32.4 32.5 32.5 
R. Arm: Lo. Anterior 32.0 32.3 32.4 32.4 
R. Arm: Lo. Posterior 31.6 31.S 32.0 32.1 
R. Arm: Lo. Inferior 32.0 32.2 32.4 32.5 
R. Arm: Lo. Exterior 31.7 31.9 32.0 31.9 
R. Hand: Handback 33.3 33.5 33.6 33.6 
R. Hand: Palm 33.7 33.9 34.1 34.2 
R. Leg: Up. Anterior 33.5 33.6 33.6 33.5 
R. Leg: Up. Posterior 33.0 33.1 33.0 33.0 
R. Leg: Up. Inferior 33.6 33.5 33.5 33.4 
R. Leg: Up. Exterior 33.2 33.2 33.2 33.2 
R. Leg: Lo.Anterior 32.6 32.6 32.5 32.2 
R. Leg: Lo. Posterior 32.8 32.9 32.9 33.0 
R. Leg: Lo. Inferior 32.9 32.9 32.8 32.7 
R.Leg:Lo.Exterior 32.7 32.7 32.6 32.5 
R. Foot: Instep 32.0 31.9 31.8 31.6 
R. Foot: Sole 32.0 31.9 31.7 31.6 
Mean skin temperature (T ""1It) 33.4 33.5 33.5 33.5 
Rectal temperature (T ... ) 36.9 36.9 36.9 36.9 
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Table E., Predicted body temperatures obtained for warm front-cold back 
series of Olesen et al. (1972). 
Local skin temperature (Tsk,i) 
Body parts 
30 60 90 120 
(min) (min) (min) (min) 
Forehead 35.0 35.1 35.3 35.4 
Head 35.2 35.3 35.2 35.2 
Face: Anterior 34.8 35.0 35.2 35.3 
L. Face 34.8 35.0 35.0 35.1 
R. Face 34.8 35.0 35.0 35.1 
Neck: Anterior 34.6 34.7 35.0 35.2 
Neck: Posterior 34.5 34.6 34.4 34.3 
Neck: L. Exterior 34.6 34.7 34.8 34.8 
Neck: R. Exterior 34.6 34.7 34.8 34.8 
L. Shoulder 33.3 33.5 33.5 33.5 
Thorax: Anterior 34.0 34.1 34.4 34.7 
Thorax: Posterior 33.9 34.0 33.7 33.4 
Thorax: L. Inferior 34.6 34.7 34.7 34.6 
Thorax: R. Inferior 34.6 34.7 34.6 34.6 
Abdomen: Anterior 34.1 34.3 34.5 34.7 
Abdomen: Posterior 33.9 34.0 34.0 33.9 
Abdomen: 1. Inferior 34.1 34.2 34.2 34.2 
Abdomen: R. Inferior 34.1 34.2 34.2 34.2 
L. Arm: Up. Anterior 32.7 32.9 33.2 33.5 
L. Arm: Up. Posterior 32.2 32.4 32.1 31.9 
L. Arm: Up. Inferior 32.8 32.9 32.7 32.6 
L. Arm: Up. Exterior 32.2 32.4 32.6 32.7 
L. Arm: 10. Anterior 32.0 32.3 32.6 32.9 
L. Arm: 10. Posterior 31.6 31.8 31.9 31.9 
L. Arm: 10. Inferior 32.0 32.2 32.2 32.1 
1. Arm: 10. Exterior 31.7 31.9 32.3 32.7 
L. Hand: Handback 33.3 33.5 33.8 34.0 
L. Hand: Palm 33.7 34.0 34.1 34.2 
L. Leg: Up. Anterior 33.5 33.6 33.7 33.8 
L. Leg: Up. Posterior 33.0 33.1 33.0 32.9 
L. Leg: Up. Inferior 33.5 33.6 33.6 33.6 
L. Leg: Up. Exterior 33.2 33.2 ' 33.2 33.2 
L. Leg: 10. Anterior 32.6 32.6 32.9 33.2 
L. Leg: 10. Posterior 32.8 32.9 32.8 32,6 
L. Leg: 10. Inferior 32.9 32.9 32.9 33.0 
L. Leg: 10. Exterior 32.6 32.7 32.7 32.7 
L. Foot: Instep 32.0 31.9 31.9 31.8 
L. Foot: Sole 31.9 31.9 31.9 31.9 
R. Shoulder 33.3 33.5 33.5 33.5 
R. Arm: Up. Anterior 32.7 32.9 33.2 33.5 
R. Arm: Up. Posterior 32.2 32.4 32.1 31.9 
R. Arm: Up. Inferior 32.8 32.9 32.7 32.6 
R. Arm: Up. Exterior 32.2 32.4 32.6 32.7 
R. Arm: 10. Anterior 32.0 32.3 32.6 32.9 
R. Arm: 10. Posterior 31.6 31.8 31.9 31.9 
R. Arm: 10. Inferior 32.0 32.2 32.2 32.1 
R. Arm: 10. Exterior 31.7 31.9 32.3 32.7 
R. Hand: Handback 33.3 33.5 33.8 34.0 
R. Hand: Palm 33.7 34.0 34.1 34.2 
R. Leg: Up. Anterior 33.5 33.6 33.7 33.8 
R. Leg: Up. Posterior 33.0 33.1 33.0 33.0 
R. Leg: Up. Inferior 33.5 33.6 33.6 33.6 
R. Leg: Up. Exterior 33.2 33.2 33.2 33.2 
R. Leg: 10. Anterior 32.6 32.6 32.9 33.2 
R. Leg: 10. Posterior 32.8 32.9 32.8 32.6 
R. Leg: 10. Inferior 32.9 32.9 33.0 33.0 
R.Leg:1o.Exterior 32.6 32.7 32.7 32.7 
R. Foot: Instep 32.0 31.9 31.9 31.8 
R. Foot: Sole 31,9 31.9 31.9 31.9 
Predicted mean skin temperature (TM,m) 33.4 33.5 33.6 33.6 
Predicted rectal temperature (T re) 36.9 36.9 36.9 36.9 
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Table E.8 Predicted body temperatures obtained for spatial cold wall of 
Berglund and Fobelets (1987). 
Body parts 
Local skin temperature (T.k,i) 
(N-3)#1 (N-3)#2 (N-3)#3 (N-3)#4 
Forehead 33.5 33.6 33.7 34.0 
Head 34.0 33.7 33.8 33.7 
Face: Anterior 32.8 32.5 32.8 33.2 
L.Face 32.8 32.2 31.9 31.7 
R.Face 32.8 32.2 32.8 33.3 
Neck: Anterior 33.0 33.0 33.2 33.6 
Neck: Posterior 33.0 31.9 32.0 31.7 
Neck: 1.. Exterior 33.0 32.6 32.3 32.0 
Neck: R. Exterior 33.0 32.6 33.1 33.4 
L. Shoulder 33.9 33.8 33.8 33.7 
Thorax: Anterior 34.4 34.5 34.6 34.8 
Thorax: Posterior 34.6 34.0 33.9 33.5 
Thorax: L. Inferior 34.8 34.6 34.5 34.4 
Thorax: R. Inferior 34.8 34.6 34.8 34.9 
Abdomen: Anterior 33.7 33.7 33.8 34.1 
Abdomen: Posterior 33.7 32.9 32.9 32.5 
Abdomen: L. Inferior 33.7 33.3 32.9 32.5 
Abdomen: R. Inferior 33.7 33.3 33.6 33.8 
L. Arm: Up. Anterior 32.8 32.8 32.9 33.2 
L. Arm: Up. Posterior 32.8 32.0 31.7 31.1 
L. Arm: Up. Inferior 32.9 32.3 32.6 32.6 
L. Arm: Up. Exterior 32.6 32.4 32.2 31.9 
L. Arm: Lo. Anterior 32.1 32.0 32.2 32.5 
, L. Arm: Lo. Posterior 31.9 31.4 31.0 30.5 
L. Arm: Lo. Inferior 32.1 31.7 31.8 32.0 
L.Arm:Lo.Exterior 31.8 31.7 31.7 31.9 
L. Hand: Handback 29.4 29.0 29.3 29.7 
L. Hand: Palm 30.5 29.9 30.2 30.5 
L. Leg: Up. Anterior 31.9 32.1 32.4 32.8 
L. Leg: Up. Posterior 31.4 31.4 31.6 31.9 
L. Leg: Up. Inferior 31.8 31.9 32.3 32.7 
L. Leg: Up. Exterior 31.6 31.5 31.3 31.2 
L. Leg: Lo. Anterior 30.9 31.1 31.4 31.8 
L. Leg: Lo. Posterior 31.3 31.0 31.1 31.0 
L. Leg: Lo. Inferior 31.2 31.2 31.6 32.0 
L. Leg: 10. Exterior 31.0 31.0 30.9 30.8 
L. Foot: Instep 31.7 31.3 31.4 31.5 
L. Foot: Sole 31.7 31.5 31.6 31.9 
R. Shoulder 33.9 33.8 34.1 34.2 
R. Arm: Up. Anterior 32.8 32.8 33.0 33.3 
R. Arm: Up. Posterior 32.8 32.0 32.3 32.2 
R. Arm: Up. Inferior 32.9 32.3 32.2 31.8 
R. Arm: Up. Exterior 32.6 32.4 32.8 33.1 
R. Arm: Lo. Anterior 32.1 32.0 32.1 32.4 
R. Arm: 10. Posterior 31.9 31.4 31.8 32.1 
R. Arm: 10. Inferior 32.1 31.7 31.8 31.9 
R.Arm:1o.Exterior 31.8 31.7 32.0 32.3 
R. Hand: Handback 29.4 29.0 29.6 30.3 
R. Hand: Palm 30.4 29.8 30.3 30.8 
R. Leg: Up. Anterior 31.9 32.1 32.2 32.5 
, R. Leg: Up. Posterior 31.4 31.4 31.8 32.2 
R. Leg: Up. Inferior 31.8 31.9 32.1 32.4 
R. Leg: Up. Exterior 31.6 31.5 32.0 32.5 
R. Leg: Lo. Anterior 30.9 31.1 31.3 31.7 
R. Leg: Lo. Posterior 31.3 31.0 31.1 31.1 
R. Leg: 10. Inferior 31.2 31.2 31.3 31.4 
R.Leg:1o.Exterior 31.0 31.0 31.4 31.9 
R. Foot: Instep 31.7 31.3 31.4 31.5 
R. Foot: Sole 31.7 31.5 31.6 31.9 
Mean skin temperature (T alr,m) 32.6 32.3 32.4 32.5 
Rectal temperature (T .. )' 37.1 37.1 37.0 37.1 
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Table E.9 Predicted body temperatures obtained for chilled ceiling series of 
Loveday et al. (1998, 2001 and 2002). 
Local skin temperature (T.k.il 
Body parts 
30 60 90 120 
(min) (min) (min) (min) 
Forehead 34.5 34.5 34.4 34.3 
Head 34.7 34.7 34.5 34.4 
Face: Anterior 34.4 34.4 34.2 34.0 
L. Face 34.3 34.3 34.1 33.9 
R. Face 34.3 34.3 34.1 33.9 
Neck: Anterior 34.1 34.1 33.9 33.7 
Neck: Posterior 34.0 33.9 33.7 33.5 
Neck: L. Exterior 34.0 34.0 33.8 33.6 
Neck: R. Exterior 34.0 34.0 33.8 33.6 
L. Shoulder 33.6 33.6 33.5 33.4 
Thorax: Anterior 34.5 34.6 34.5 34.3 
Thorax: Posterior 34.6 34.6 34.5 34.3 
Thorax: L. Inferior 34.7 34.8 34.6 34.5 
Thorax: R. Inferior 34.7 34.8 34.6 34.5 
Abdomen: Anterior 33.9 34.0 34.0 33.9 
Abdomen: Posterior 34.0 34.1 34.1 34.0 
Abdomen: L. Inferior 34.0 34.1 34.1 34.0 
Abdomen: R. Inferior 34.0 34.1 34.1 34.0 
L. Arm: Up. Anterior 32.5 32.5 32.4 32.3 
L. Arm: Up. Posterior 32.5 32.5 32.4 32.3 
L. Arm: Up. Inferior 32.6 32.6 32.5 32.3 
L. Arm: Up. Exterior 32.5 32.5 32.4 32.3 
L. Arm: 1.0. Anterior 31.1 31.2 31.1 30.9 
L. Arm: 1.0. Posterior 31.3 31.4 31.3 31.2 
L. Arm: 1.0. Inferior 31.3 31.3 31.2 31.1 
L.Arm:Lo.Exterior . 31.2 31.2 31.1 31.0 
L. Hand: Handback 31.5 31.6 31.4 31.2 
L. Hand: Palm 31.8 31.9 31.8 31.6 
L. Leg: Up. Anterior 33.4 33.5 33.4 33.2 
L. Leg: Up. Posterior 33.6 33.7 33.S 33.5 
L. Leg: Up. Inferior 33.S 33.6 33.5 33.3 
L. Leg: Up. Exterior 33.5 33.6 33.5 33.4 
L. Leg: 1.0. Anterior 33.1 33.1 33.0 32.9 
L. Leg: 1.0. Posterior 33.1 33.2 33.1 33.0 
L. Leg: 1.0. Inferior 33.1 33.2 33.1 33.0 
L. Leg: 1.0. Exterior 33.1 33.2 33.1 33.0 
L. Foot: Instep 33.5 33.5 33.5 33.4 
L. Foot: Sole 33.5 33.6 33.S 33.5 
R. Shoulder 33.6 33.6 33.5 33.4 
R. Arm: Up. Anterior 32.5 32.5 32.4 32.3 
R. Arm: Up. Posterior 32.5 32.5 32.4 32.3 
R. Arm: Up. Inferior 32.6 32.6 32.5 32.3 
R. Arm: Up. Exterior 32.5 32.5 32.4 32.3 
R. Arm: 1.0. Anterior 31.1 31.2 31.1 30.9 
R. Arm: 1.0. Posterior 31.3 31.4· 31.3 31.2 
R. Arm: 1.0. Inferior 31.3 31.3 31.2 31.1 
R. Arm: 1.0. Exterior 31.2 31.2 31.1 31.0 
R. Hand: Handback 31.5 31.6 31.4 31.2 
R. Hand: Palm 31.8 31.9 31.8 31.6 
R. Leg: Up. Anterior 33.4 33.5 33.4 33.2 
R. Leg: Up. Posterior 33.6 33.7 33.6 33.5 
R. Leg: Up. Inferior 33.6 33.6 33.5 33.3 
R. Leg: Up. Exterior 33.5 33.6 33.5 33.4 
R. Leg: Lo. Anterior 33.1 33.1 33.0 32.9 
R. Leg: 1.0. Posterior 33.1 33.2 33.1 33.0 
R. Leg: 1.0. Inferior 33.1 33.2 33.1 33.0 
R.Leg:Lo.Exterior 33.1 33.2 33.1 33.0 
R. Foot: Instep 33.5 33.5 33.5 33.4 
R. Foot: Sole 33.5 33.6 33.6 33.5 
Mean skin temperature (T ok,m) 33.3 33.4 33.3 33.2 
Rectal temperature (T ... ) 37.0 37.0 37.1 37.1 
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Table E.lO Predicted body temperatures obtained for spatial hot wall at 
position 1 of McNall and Biddison (1970). 
Local skin temperature (T.k,i) 
Body parts Condt Cond2 Cond3 Cond4 Cond, 
60 90 60 90 60 90 60 90 60 90 
[minl [min] [min] [min] [min] [minl rminl rminl rminl rmin] 
Forehead 34.4 34.4 34.7 34.7 34.7 34.7 34.8 34.8 34.2 34.2 
Head 34.9 34.9 35.1 35.2 35.0 35.1 35.1 35.2 34.6 34.6 
Face: Anterior 34.3 34.4 34.9 35.0 34.7 34.8 34.8 34.9 33.7 33.6 
L. Face 36.0 36.1 36.3 36.4 36.2 36.2 36.1 36.1 35.5 35.6 
R. Face 33.4 33.4 34.0 34.2 33.9 34.0 34.2 34.3 32.7 32.5 
Neck: Anterior 34.0 34.1 34.4 34.5 34.3 34.4 34.4 34.5 33.6 33.6 
Neck: Posterior 34.2 34.2 34.6 34.7 34.5 34.6 34.6 34.7 33.8 33.8 
Neck: L. Exterior 35.6 35.7 '35.9 36.0 35.7 35.8 35.7 35.8 35.2 35.3 
Neck: R. Exterior 33.2 33.3 33.7 33.8 33.6 33.7 33.8 33.9 32.8 32.8 
L.Shoulder 34.5 34.6 34.9 35.1 34.7 34.9 34.7 34.9 34.0 34.1 
Thorax: Anterior 34.4 34.4 34.7 34.7 34.7 34.7 34.8 34.9 34.3 34.3 
Thorax: Posterior 34.6 34.7 34.9 34.9 34.9 34.9 35.0 35.1 34.5 34.6 
Thorax: L. Inferior 34.8 34.8 35.1 35.1 35.0 35.0 35.0 35.0 34.6 34.6 
Thorax: R. Inferior 34.4 34.3 34.6 34.6 34.5 34.5 34.6 34.6 34.2 34.1 
Abdomen: Anterior 34.0 34.2 34.3 34.5 34.2 34.4 34.2 34.4 33.7 33.8 
Abdomen: Posterior 34.3 34.4 34.5 34.7 34.5 34.7 34.6 34.8 34.1 34.2 
Abdomen: L. Inferior 35.0 35.2 35.2 35.5 35.1 35.3 35.0 35.3 34.7 34.8 
Abdomen: R. Inferior 33.6 33.6 33.9 34.0 33.8 33.9 34.0 34.1 33.3 33.3 
L. Arm: Up. Anterior 33.4 33.6 34.0 34.3 33.7 33.9 33.5 33.7 32.8 32.9 
L. Arm: Up. Posterior 34.3 34.6 34.8 35.1 34.5 34.8 34.5 34.7 33.8 34.0 
L. Arm: Up. Inferior 32.7 32.7 33.2 33.3 33.0 33.1 33.0 33.1 32.2 32.1 
L. Arm: Up. Exterior 34.7 34.9 35.2 35.5 34.9 35.1 34.7 35.0 34.2 34.3 
L. Arm: Lo. Anterior 31.0 31.0 31.7 31.9 31.3 31.5 31.2 31.4 30.2 30.2 
L. Arm: 1.0. Posterior 33.5 33.8 34.1 34.5 33.7 34.1 33.6 33.9 32.8 33.1 
L. Arm: Lo. Inferior 31.2 31.2 31.8 32.0 31.5 31.7 31.5 31.7 30.5 30.5 
L.Arm: Lo. Exterior 32.6 32.8 33.2 33.5 32.8 33.1 32.8 33.0 31.9 32.1 
L. Hand: Handback 32.8 32.9 33.9 34.2 33.3 33.6 33.2 33.5 31.6 31.5 
L. Hand: Palm 32.7 32.8 33.9 34.2 33.1 33.4 32.9 33.1 31.3 31.2 
L. Leg: Up. Anterior 33.2 33.2 33.8 33.9 33.5 33.5 33.4 33.5 32.6 32.5 
L. Leg: Up. Posterior 32.9 32.7 33.4 33.3 33.3 33.2 33.5 33.4 32.5 32.3 
L. Leg: Up. Inferior 32.9 32.7 33.4 33.4 33.2 33.1 33.3 33.2 32.4 32.1 
L. Leg: Up. Exterior 35.0 35.1 35.5 35.6 35.1 35.3 35.0 35.1 34.4 34.4 
L. Leg: Lo. Anterior 31.0 30.7 31.6 31.5 31.5 31.4 31.8 31.7 30.5 30.2 
L. Leg: Lo. Posterior 31.9 31.8 32.6 32.7 32.3 32.3 32.3 32.3 31.2 31.1 
L. Leg: 1.0. Inferior 30.7 30.4 31.4 31.2 31.2 31.0 31.5 31.2 30.2 29.8 
L. Leg: Lo. Exterior 33.5 33.5 34.2 34.2 33.8 33.8 33.8 33.8 32.8 32.7 
L. Foot: Instep 30.9 30.6 31.8 31.7 31.4 31.3 31.6 31.4 30.1 29.7 
L. Foot: Sole 32.7 32.4 33.1 33.1 33.0 32.8 33.1 33.0 32.4 32.1 
R. Shoulder 33.1 33.1 33.5 33.5 33.4 33.5 33.6 33.7 32.8 32.7 
R. Arm: Up. Anterior 32.7 32.7 33.2 33.4 33.0 33.1 33.0 33.1 32.1 32.1 
R. Arm: Up. Posterior 32.3 32.4 32.9 33.0 32.8 32.9 33.0 33.1 32.0 32.0 
R. Arm: Up. Inferior 32.9 32.9 33.4 33.6 33.2 33.3 33.2 33.3 32.4 32.4 
R. Arm: Up. Exterior 32.2 32.1 32.7 32.8 32.6 32.6 32.8 32.9 31.9 31.7 
R. Arm: Lo. Anterior 31.9 32.1 32.6 32.9 32.2 32.4 32.0 32.2 31.1 31.1 
R. Arm: 1.0. Posterior 29.8 29.8 30.5 30.6 30.4 30.5 30.8 30.9 29.5 29.4 
R. Arm: Lo. Inferior 31.3 31.4 32.0 32.2 31.7 31.8 31.7 31.8 30.7 30.6 
R. Arm: Lo. Exterior 30.2 30.2 30.9 31.0 30.8 30.9 31.0 31.1 29.8 29.7 
R. Hand: Handback 31.4 31.4 32.6 33.0 32.1 32.3 32.2 32.4 30.3 30.1 
R. Hand: Palm 32.4 32.5 33.6 33.9 32.9 33.1 32.7 32.9 31.1 30.9 
R. Leg: Up. Anterior 33.5 33.5 34.1 34.2 33.8 33.8 33.6 33.7 32.9 32.8 
R. Leg: Up. Posterior 32.4 32.1 32.9 32.8 32.8 . 32.7 33.1 33.0 32.1 31.8 
R. Leg: Up. Inferior 33.8 33.7 34.3 34.3 34.0 34.0 34.0 33.9 33.2 33.0 
R.Leg:Up.Exterior 32.4 32.2 33.0 32.9 32.9 32.8 33.1 33.0 32.1 31.8 
R. Leg: Lo. Anterior 30.7 30.4 31.4 31.2 31.3 31.1 31.6 31.5 30.3 29.9 
R. Leg: Lo. Posterior 31.5 31.3 32.2 32.2 31.9 31.9 32.0 32.0 30.8 30.6 
R. Leg: Lo. Inferior 32.6 32.5 33.3 33.3 33.0 32.9 33.0 32.9 32.0 31.7 
R.Leg:Lo.Exterior 30.1 29.7 30.8 30.5 30.8 30.5 31.1 30.9 29.7 29.3 
R. Foot: Instep 30.0 29.6 30.9 30.8 30.7 30.4 30.9 30.7 29.3 28.8 
R. Foot: Sole 32.6 32.3 33.0 32.9 32.9 32.7 33.0 32.9 32.4 32.0 
Mean skin temperature 
(T.",) 33.2 33.2 33.7 33.8 33.5 33.6 33.6 33.7 32.7 32.6 
Rectal temperature (T ... ) 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 
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Table E.u Predicted body temperatures obtained for spatial hot wall at 
position 2 of McNall and Biddison (1970). 
Local skin temperature (Tsk i) 
Body parts Condl Cond2 Cond3 Cond4 Cond7 
60 90 60 90 60 90 60 90 60 90 
[min] [min] [min] [min] [min] [min] [min] [min] [min] [minl 
Forehead 34.5 34.6 34.8 34.8 34.8 34.8 34.9 35.0 34.3 34.3 
Head 34.7 34.7 35.0 35.0 34.9 35.0 35.0 35.0 34.5 34.5 
Face: Anterior 34.4 34.4 35.0 35.0 34.8 34.9 34.9 35.0 33.8 33.7 
L. Face 35.9 35.9 36.2 36.3 36.1 36.1 36.0 36.1 35.4 35.4 
R. Face 33.3 33.4 34.0 34.1 33.9 34.0 34.2 34.2 32.6 32.5 
Neck: Anterior 34.2 34.3 34.6 34.7 34.5 34.6 34.6 34.6 33.8 33.8 
Neck: Posterior 33.9 33.9 34.3 34.4 34.2 34.3 34.4 34.4 33.5 33.5 
Neck: L. Exterior 35.5 35.6 35.8 35.9 35.6 35.7 35.6 35.7 35.1 35.1 
Neck: R. Exterior 33.2 33.3 33.7 33.8 33.6 33.7 33.8 33.9 32.8 32.8 
L. Shoulder 34.2 34.3 34.6 34.8 34.5 34.6 34.5 34.6 33.8 33.9 
Thorax: Anterior 34.6 34.6 34.8 34.8 34.8 34.8 35.0 35.0 34.5 34.5 
Thorax: Posterior 34.4 34.4 34.6 34.6 34.6 34.6 34.8 34.8 34.3 34.3 
Thorax: L. Inferior 34.8 34.8 35.0 35.1 34.9 34.9 34.9 34.9 34.5 34.5 
Thorax: R. Inferior 34.4 34.3 34.6 34.6 34.5 34.5 34.6 34.6 34.1 34.1 
Abdomen: Anterior 34.1 34.3 34.4 34.7 34.3 34.5 34.3 34.5 33.8 33.9 
Abdomen: Posterior 34.1 34.3 34.4 34.6 34.3 34.5 34.4 34.7 33.9 34.0 
Abdomen: L. Inferior 34.8 35.0 35.1 35.3 34.9 35.2 34.9 35.1 34.5 34.6 
Abdomen: R. Inferior 33.6 33.6 33.9 34.0 33.8 33.9 33.9 34.1 33.3 33.3 
L. Arm: Up. Anterior 33.5 33.7 34.1 34.4 33.7 33.9 33.6 33.8 32.9 33.0 
L. Arm: Up. Posterior 34.0 34.2 34.5 34.8 34.2 34.5 34.2 34.4 33.5 33.7 
L. Arm: Up. Inferior 32.6 32.6 33.1 33.3 32.9 33.0 33.0 33.1 32.1 32.1 
L. Arm: Up. Exterior 34.5 34.8 35.0 35.3 34.7 . 35.0 34.6 34.9 34.0 34.2 
L. Arm: 1.0. Anterior 31.0 31.0 31.7 31.9 31.3 31.5 31.2 31.4 30.2 30.2 
L. Arm: 1.0. Posterior 33.1 33.4 33.7 34.1 33.3 33.7 33.2 33.6 32.4 32.6 
L. Arm: 1.0. Inferior 31.0 31.0 31.6 31.8 31.4 31.5 31.4 31.5 30.3 30.3 
L. Arm: 1.0. Exterior 32.6 32.8 33.2 33.5 32.9 33.1 32.8 33.0 31.9 32.1 
L. Hand: Handback 32.7 32.8 33.8 34.1 33.3 33.5 33.2 33.4 31.6 31.5 
L. Hand: Palm 32.6 32.7 33.8 34.1 33.1 33.3 32.8 33.0 31.3 31.1 
L. Leg: Up. Anterior 33.2 33.2 33.8 33.9 33.5 3·3.5 33.4 33.4 32.6 32.5 
L. Leg: Up. Posterior 32.7 32.5 33.2 33.1 33.2 33.1 33.4 33.3 32.4 32.1 
L. Leg: Up. Inferior 32.9 32.7 33.4 33.3 33.2 33.1 33.3 33.2 32.4 32.1 
L. Leg: Up. Exterior 34.8 34.9 35.3 35.5 35.0 35.1 34.9 35.0 34.3 34.2 
L. Leg: 1.0. Anterior 31.5 31.3 32.2 32.1 32.0 31.9 32.3 32.1 31.0 30.7 
L. Leg: 1.0. Posterior 31.6 31.5 32.3 32.4 32.0 32.0 32.1 32.1 31.0 30.8 
L. Leg: 1.0. Inferior 30.7 30.4 31.4 31.2 31.3 31.0 31.5 31.3 30.2 29.8 
L. Leg: 1.0. Exterior 33.5 33.5 34.2 34.3 33.9 33.9 33.8 33.8 32.9 32.8 
L. Foot: Instep 31.0 30.7 31.9 31.8 31.6 31.4 31.7 31.5 30.2 29.8 
1. Foot: Sole 32.7 32.4 33.1 33.1 33.0 32.8 33.1 33.0 32.4 32.1 
R. Shoulder 33.0 33.0 33.4 33.4 33.4 33.4 33.6 33.6 32.7 32.6 
R. Arm: Up. Anterior 32.8 32.9 33.4 33.5 33.1 33.2 33.1 33.2 32.3 32.2 
R. Arm: Up. Posterior 32.2 32.2 32.7 32.8 32.6 32.7 32.9 33.0 31.9 31.8 
R. Arm: Up. Inferior 32.8 32.8 33.3 33.4 33.1 33.2 33.1 33.2 32.3 32.3 
R. Arm: Up. Exterior 32.2 32.1 32.7 32.8 32.6 32.6 32.9 32.9 31.9 31.8 
R. Arm: 1.0. Anterior 32.3 32.4 33.0 33.3 32.5 32.7 32.2 32.4 31.4 31.5 
R. Arm: Lo. Posterior 29.8 29.7 30.5 30.5 30.4 30.4 30.8 30.8 29.5 29.4 
R. Arm: 1.0. Inferior 31.2 31.2 31.8 32.0 31.5 31.7 31.5 31.7 30.5 30.5 
R. Arm: Lo. Exterior 30.4 30.4 31.0 31.2 30.9 31.0 31.1 31.2 30.0 29.9 
R. Hand: Handback 31.5 31.5 32.7 33.0 32.2 32.4 32.2 32.5 30.3 30.1 
R. Hand: Palm 32.5 32.5 33.6 33.9 32.9 33.1 32.7 32.9 31.1 30.9 
R. Leg: Up. Anterior 33.6 33.6 34.2 34.3 33.8 33.9 33.7 33.8 33.0 32.9 
R. Leg: Up. Posterior 32.3 32.1 32.8 32.7 32.8 32.7 33.1 33.0 32.0 31.7 
R. Leg: Up. Inferior 33.9 33.9 34.5 34.5 34.2 34.2 34.1 34.1 33.4 33.2 
R. Leg: Up. Exterior 32.4 32.2 33.0 32.9 32.9 32.7 33.1 33.0 32.1 31.8 
R. Leg: 1.0. Anterior 31.4 31.1 32.0 31.9 31.9 31.7 32.2 32.0 30.9 30.6 
R. Leg: 1.0. Posterior 31.3 31.1 32.0 32.0 31.7 31.7 31.8 31.8 30.7 30.4 
R. Leg: 1.0. Inferior 33.0 32.9 33.7 33.7 33.3 33.3 33.3 33.2 32.3 32.1 
R.Leg:I.o.Exterior 30.1 29.8 30.8 30.5 30.8 30.5 31.1 30.9 29.7 29.3 
R. Foot: Instep 30.3 29.8 31.1 31.0 30.9 30.6 31.0 30.8 29.5 29.0 
R. Foot: Sole 32.6 32.3 33.0 32.9 32.9 32.7 33.0 32.9 32.4 32.0 
Mean skin temperature 
(Tak,m) 33.2 33.2 33.7 33.8 33.5 33.6 33.6 33.6 32.7 32.6 
Rectal temperature (T,..) 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 
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Table E.12 Predicted body temperatures obtained for spatial hot wall at 
position 3 of McNall and Biddison (1970). 
Local skin temperature (T.k,i) 
Body parts Condt Cond2 Cond 3 Cond4 Cond7 
60 90 60 90 60 90 60 90 60 90 
rminl rmin] [min] [min] [min] [minl rminl fminl fminl fmin] 
Forehead 34.7 34.8 35.0 35.1 35.0 35.0 35.1 35.1 34.6 34.6 
Head 34.6 34.6 34.9 34.9 34.8 34.8 34.9 34.9 34.4 34.4 
Face: Anterior 34.6 34.6 35.1 35.2 35.0 35.0 35.0 35.1 34.0 33.9 
L. Face 35.9 36.0 36.2 36.3 36.1 36.1 36.0 36.1 35.4 35.4 
R.Face 33.3 33.3 34.0 34.1 33.9 34.0 34.2 34.2 32.6 32.5 
Neck: Anterior 34.4 34.5 34.8 34.9 34.7 34.8 34.7 34.8 34.0 34.0 
Neck: Posterior 33.3 33.4 33.8 33.9 33.7 33.8 33.9 34.0 32.9 32.9 
Neck: L. Exterior 35.3 35.4 35.7 35.8 35.5 35.6 35.5 35.6 34.9 35.0 
Neck: R. Exterior 33.2 33.2 33.7 33.8 33.6 33.7 33.8 33.9 32.8 32.8 
L.Shoulder 34.1 34.2 34.5 34.7 34.4 34.5 34.4 34.5 33.7 33.7 
Thorax: Anterior 34.8 34.8 35.0 35.1 35.0 35.0 35.1 35.2 34.7 34.7 
Thorax: Posterior 33.9 33.9 34.1 34.1 34.2 34.2 34.4 34.4 33.9 33.8 
Thorax: L. Inferior 34.8 34.8 35.0 35.0 34.9 34.9 34.9 34.9 34.5 34.5 
Thorax: R. Inferior 34.3 34.3 34.6 34.6 34.5 34.5 34.6 34.6 34.1 34.1 
Abdomen: Anterior 34.3 34.4 34.6 34.8 34.4 34.6 34.4 34.6 33.9 34.0 
Abdomen: Posterior 33.9 34.0 34.2 34.3 34.1 34.3 34.3 34.5 33.7 33.S 
Abdomen: L. Inferior 34.6 34.8 34.9 35.1 34.7 35.0 34.7 35.0 34.3 34.4 
Abdomen: R. Inferior 33.6 33.6 33.9 34.0 33.8 33.9 33.9 34.0 33.3 33.3 
L. Arm: Up. Anterior 33.8 33.9 34.3 34.6 33.9 34.1 33.8 34.0 33.1 33.2 
L. Arm: Up. Posterior 33.5 33.7 34.0 34.2 33.8 34.0 33.8 34.0 33.1 33.2 
L. Arm: Up. Inferior 32.5 32.5 33.1 33.2 32.9 33.0 32.9 33.0 32.1 32.0 
L. Arm: Up. Exterior 34.6 34.8 35.1 35.4 34.8 35.0 34.7 34.9 34.1 34.2 
1.. Arm: Lo. Anterior 31.0 31.1 31.7 31.9 31.4 31.5 31.3 31.4 30.3 30.3 
1.. Arm: Lo. Posterior 33.0 33.3 33.6 34.0 33.3 33.6 33.2 33.5 32.4 32.6 
1.. Arm: Lo. Inferior 30.8 30.9 31.5 31.7 31.2 31.4 31.3 31.4 30.2 30.2 
L. Arm: Lo. Exterior 32.9 33.2 33.6 33.9 33.2 33.5 33.1 33.4 32.3 32.4 
1.. Hand: Handback 32.9 33.1 34.0 34.3 33.4 33.7 33.3 33.6 31.8 31.7 
L. Hand: Palm 32.7 32.8 33.8 34.2 33.1 33.3 32.8 33.1 31.3 31.2 
L. Leg: Up. Anterior 33.3 33.3 33.9 34.0 33.6 33.6 33.5 33.5 32.7 32.6 
L. Leg: Up. Posterior 32.8 32.6 33.3 33.2 33.2 33.1 33.4 33.3 32.4 32.2 
L. Leg: Up. Inferior 32.9 32.7 33.4 33.4 33.3 33.1 33.3 33.2 32.4 32.1 
L. Leg: Up. Exterior 34.8 34.9 35.4 35.5 35.0 35.1 34.9 35.0 34.3 34.3 
L. Leg: Lo. Anterior 31.9 31.7 32.6 32.5 32.4 32.3 32.6 32.5 31.4 31.1 
L. Leg: Lo. Posterior 31.3 31.2 32.0 32.0 31.8 31.7 31.9 31.8 30.7 30.5 
L. Leg: Lo. Inferior 30.8 30.4 31.5 31.3 31.3 31.1 31.5 31.3 30.2 29.8 
L. Leg: Lo. Exterior 33.7 33.7 34.4 34.5 34.0 34.1 34.0 34.0 33.1 33.0 
L. Foot: Instep 31.1 30.8 32.0 31.9 31.6 31.5 31.7 31.6 30.3 29.9 
L. Foot: Sole 32.7 32.5 33.1 33.1 33.0 32.8 33.1 33.0 32.4 32.1 
R. Shoulder 32.9 32.9 33.3 33.3 33.3 33.3 33.5 33.5 32.6 32.5 
R. Arm: Up. Anterior 33.0 33.0 33.5 33.7 33.2 33.3 33.2 33.3 32.4 32.4 
R. Arm: Up. Posterior 32.0 32.0 32.5 32.6 32.4 32.5 32.7 32.8 31.7 31.6 
R. Arm: Up. Inferior 32.6 32.6 33.1 33.2 32.9 33.0 33.0 33.1 32.1 32.0 
R. Arm: Up. Exterior 32.2 32.2 32.8 32.8 32.7 32.7 32.9 32.9 31.9 31.8 
R. Arm: Lo. Anterior 32.5 32.7 33.2 33.5 32.7 32.9 32.4 32.6 31.6 31.7 
R. Arm: Lo. Posterior 29.8 29.7 30.5 30.5 30.4 30.4 30.8 30.8 29.5 29.3 
R. Arm: Lo. Inferior 30.8 30.8 31.4 31.6 31.2 31.3 31.3 31.4 30.2 30.1 
R. Arm: Lo. Exterior 30.6 30.6 31.2 31.3 31.1 31.1 31.2 31.4 30.1 30.0 
R. Hand: Handback 31.6 31.7 32.8 33.1 32.3 32.5 32.4 32.6 30.5 30.3 
R. Hand: Palm 32.5 32.6 33.7 34.0 33.0 33.2 32.7 32.9 31.2 31.0 
R. Leg: Up. Anterior 33.8 33.8 34.4 34.5 34.0 34.1 33.8 33.9 33.1 33.1 
R. Leg: Up. Posterior 32.4 32.1 32.9 32.8 32.9 32.7 33.1 33.0 32.1 31.8 
R. Leg: Up. Inferior 34.2 34.2 34.7 34.8 34.4 34.4 34.3 34.3 33.6 33.5 
R. Leg: Up. Exterior 32.4 32.2 33.0 32.9 32.9 32.7 33.1 33.0 32.1 31.8 
R. Leg: Lo. Anterior 31.8 31.6 32.4 32.3 32.3 32.1 32.5 32.4 31.3 31.0 
R. Leg: Lo. Posterior 31.1 30.9 31.8 31.7 31.5 31.5 31.7 31.6 30.5 30.2 
R. Leg: Lo. Inferior 33.2 33.1 33.8 33.9 33.5 33.4 33.4 33.3 32.4 32.3 
R. Leg: Lo.Exterior 30.2 29.8 30.8 30.6 30.8 30.5 31.2 30.9 29.8 29.3 
R. Foot: Instep 30.3 29.8 31.2 31.0 30.9 30.6 31.0 30.8 29.5 29.0 
R. Foot: Sole 32.6 32.3 33.0 32.9 32.9 32.7 33.0 32.9 32.4 32.0 
Mean skin temperature 
(T ....... ) 33.2 33.2 33.7 33.8 33.5 33.6 33.6 33.6 32.7 32.6 
Rectal temnerature (T ... ) 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 
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Table E.13 Predicted body temperatures obtained for spatial cold of McNall 
and Biddison (1970). 
Local skin temperature (Tsk,i) 
Body parts Condt Cond2 Conds Cond7 Cond9 
60 90 60 90 60 90 60 90 60 90 
[min] [minl rminl rminl rminl rminl rminl rminl rmin] [min] 
Forehead 35.0 35.0 34.9 34.9 34.5 34.5 34.8 34.8 34.5 34.5 
Head 35.0 35.0 34.8 34.7 34.5 34.5 34.7 34.7 34.5 34.5 
Face: Anterior 35.0 35.1 34.5 34.6 34.1 34.0 34.5 34.6 34.2 34.2 
L.Face 34.7 34.8 34.2 34.3 33.7 33.7 34.2 34.3 33.8 33.8 
R. Face 34.9 35.0 34.5 34.6 34.0 34.0 34.5 34.5 34.1 34.1 
Neck: Anterior 34.7 34.8 34.4 34.4 34.0 34.0 34.3 34.4 34.1 34.1 
Neck: Posterior 34.0 34.0 33.6 33.7 33.2 33.2 33.6 33.6 33.2 33.2 
Neck: L. Exterior 34.3 34.4 34.0 34.0 33.6 33.6 33.9 34.0 33.6 33.6 
Neck: R. Exterior 34.6 34.7 34.3 34.3 33.9 33.9 34.3 34.3 34.0 34.0 
L. Shoulder 34.0 34.1 33.6 33.7 33.3 33.4 33.6 33.7 33.3 33.4 
Thorax: Anterior 34.9 34.9 34.8 34.8 34.4 34.5 34.7 34.7 34.4 34.4 
Thorax: Posterior 34.3 34.3 34.2 34.2 33.8 33.9 34.1 34.1 33.7 33.7 
Thorax: L. Inferior 34.9 35.0 34.6 34.7 34.6 34.6 34.7 34.7 34.6 34.7 
Thorax: R. Inferior 35.1 35.1 34.8 34.8 34.7 34.7 34.8 34.9 34.8 34.8 
Abdomen: Anterior 34.2 34.4 33.8 33.9 33.7 33.7 33.9 34.0 33.8 33.9 
Abdomen: Posterior 33.5 33.6 33.3 33.3 32.9 32.8 33.2 33.2 32.8 32.7 
Abdomen: L. Inferior 33.8 33.9 33.5 33.5 33.2 33.1 33.5 33.5 33.2 33.1 
Abdomen: R. Inferior 34.1 34.3 33.8 33.9 33.6 33.6 33.8 33.9 33.6 33.6 
L. Arm: Up. Anterior 33.6 33.8 32.8 32.9 32.7 32.8 33.0 33.1 33.0 33.1 
L. Arm: Up. Posterior 32.5 32.6 32.0 32.1 31.6 31.6 32.0 32.1 31.6 31.6 
L. Arm: Up. Inferior 33.2 33.4 32.6 32.6 32.4 32.4 32.7 32.7 32.6 32.6 
L. Arm: Up. Exterior 33.3 33.5 32.9 33.0 32.5 32.6 32.9 33.0 32.5 32.6 
L. Arm: Lo. Anterior 32.7 32.9 31.8 31.9 31.7 31.8 32.0 32.1 32.1 32.2 
L. Arm: Lo. Posterior 31.8 31.9 31.3 31.3 30.8 30.8 31.3 31.3 30.8 30.8 
L. Arm: Lo. Inferior 32.3 32.5 31.5 31.6 31.4 31.4 31.7 31.7 31.5 31.6 
L.Arm:Lo.Exterior 32.3 32.5 31.7 31.8 31.4 31.4 31.8 31.9 31.4 31.5 
L. Hand: Handback 33.5 33.7 32.3 32.3 31.9 31.8 32.5 32.5 32.3 32.2 
L. Hand: Palm 33.9 34.1 32.5 32.4 32.5 32.4 32.9 32.9 33.1 33.1 
L. Leg: Up. Anterior 33.8 33.9 32.9 32.9 32.9 32.8 33.2 33.1 33.3 33.2 
L. Leg: Up. Posterior 33.8 33.9 33.4 33.4 33.0 33.0 33.4 33.4 33.0 33.0 
L. Leg: Up. Inferior 34.3 34.4 33.7 33.6 33.5 33.5 33.8 33.8 33.7 33.7 
L. Leg: Up. Exterior 33.7 33.8 33.2 33.2 32.9 32.8 33.2 33.2 33.0 32.9 
L.Leg:Lo.Anterior 33.4 33.5 33.0 33.0 32.6 32.5 33.0 32.9 32.6 32.5 
L. Leg: Lo. Posterior 32.3 32.3 31.6 31.4 31.2 31.0 31.7 31.5 31.4 31.2 
L. Leg: Lo. Inferior 33.6 33.6 33.0 33.0 32.8 32.7 33.1 33.1 32.9 32.8 
L. Leg: Lo.Exterior 33.0 33.1 32.6 32.6, 32.2 32.1 32.6 32.5 32.2 32.1 
L. Foot: Instep 31.8 31.8 31.1 30.8 30.6 30.2 31.1 30.9 30.7 30.3 
L. Foot: Sole 32.5 32.6 32.0 31.8 31.6 31.3 32.0 31.8 31.6 31.3 
R.Shoulder 34.1 34.3 33.8 33.9 33.5 33.5 33.8 33.9 33.5 33.6 
R. Arm: Up. Anterior 33.6 33.8 32.8 32.9 32.7 32.8 33.0 33.1 33.0 33.1 
R. Arm: Up. Posterior 32.8 33.0 32.4 32.5 32.0 32.0 32.4 32.5 32.0 32.0 
R. Arm: Up. Inferior 32.9 33.0 32.3 32.2 32.1 32.0 32.4 32.4 32.2 32.2 
R. Arm: Up. Exterior 33.5 33.8 33.1 33.3 32.8 32.9 33.1 33.3 32.8 32.9 
R. Arm: Lo. Anterior 32.7 32.9 31.7 31.8 31.7 31.8 32.0 32.1 32.1 32.2 
R. Arm: Lo. Posterior 32.3 32.5 31.8 31.9 31.4 31.4 31.8 31.9 31.4 31.4 
R. Arm: Lo. Inferior 32.2 32.4 31.5 31.5 31.3 31.3 31.6 31.6 31.4 31.5 
R.Arm:Lo.Exterior 32.4 32.7 31.8 31.9 31.5 31.5 31.9 32.0 31.5 31.6 
R. Hand: Handback 33.6 33.9 32.5 32.5 32.1 32.0 32.7 32.7 32.4 32.4 
R. Hand: Palm 34.0 34.2 32.6 32.5 32.6 32.5 33.0 33.0 33.2 33.2 
R. Leg: Up. Anterior 33.8 33.8 32.9 32.8 32.8 32.7 33.1 33.0 33.2 33.1 
R. Leg: Up. Posterior 33.9 34.0 33.5 33.5 33.1 33.1 33.5 33.5 33.1 33.1 
R. Leg: Up. Inferior 34.3 34.3 33.7 33.6 33.5 33.4 33.8 33.7 33.7 33.7 
R. Leg: Up. Exterior 34.1 34.2 33.6 33.6 33.3 33.2 33.6 33.6 33.4 33.3 
R. Leg: Lo. Anterior 33.4 33.4 33.0 33.0 32.6 32.5 33.0 32.9 32.6 32.5 
R. Leg: Lo. Posterior 32.4 32.4 31.7 31.5 31.4 31.2 31.8 31.6 31.5 31.3 
R. Leg: Lo. Inferior 33.3 33.3 32.8 32.7 32.5 32.4 32.8 32.7 32.6 32.5 
R.Leg:Lo.Exterior 33.4 33.5 33.0 33.0 32.6 32.5 33.0 33.0 32.6 32.6 
R. Foot: Instep 31.9 31.8 31.1 30.9 30.6 30.3 31.2 30.9 30.7 30.3 
R. Foot: Sole 32.6 32.6 32.0 31.8 31.6 31.3 32.0 31.8 31.6 31.3 
Mean skin temperature 
(Tok, .. ) 33.7 33.8 33.2 33.2 32.9 32.9 33.2 33.3 33.0 33.0 
Rectal temnerature (T ... ) 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 36.9 
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Table E.14 Predicted body temperatures at exposure time of 30 minutes 
obtained for experiments of Hodder (2002). 
Local skin 
Body parts temp_erature (T.k i) 
200 600 
(Wm-2) (Wm-a) 
Forehead 35.4 35.6 
Head 35.2 35.4 
Face: Anterior 36.1 37.1 
L. Face 35.3 35.5 
R.Face 35.3 35.5 
Neck: Anterior 36.5 37.8 
Neck: Posterior 34.3 34.4 
Neck: L. Exterior 35.1 35.6 
Neck: R. Exterior 35.1 35.6 
L. Shoulder 34.5 35.0 
Thorax: Anterior 37.2 40.1 
Thorax: Posterior 33.9 34.2 
Thorax: L. Inferior 34.6 34.9 
Thorax: R. Inferior 34.6 34.9 
Abdomen: Anterior 36.7 39.1 
Abdomen: Posterior 33.4 33.4 
Abdomen: L. Inferior 33.7 33.6 
Abdomen: R. Inferior 33.7 33.S 
L. Arm: Up. Anterior 36.7 39.8 
L. Arm: Up. Posterior 33.0 33.1 
L. Arm: Up. Inferior 33.4 33.5 
L. Arm: Up. Exterior 35.0 37.5 
L. Arm: Lo. Anterior 35.8 38.5 
L.Arm:Lo.Po&erior 33.0 33.3 
L. Arm: Lo. Inferior 33.2 33.6 
L. Arm: Lo. Exterior 36.5 40.0 
L. Hand: Handback 34.8 36.4 
L. Hand: Palm 34.4 35.1 
L. Leg: Up. Anterior 34.9 36.3 
L. Leg: Up. Posterior 33.1 33.0 
L. Leg: Up. Inferior 33.4 33.3 
L. Leg: Up. Exterior 33.2 33.1 
L. Leg: Lo. Anterior 36.1 39.4 
L. Leg: Lo. Posterior 33.0 33.5 
L. Leg: Lo. Inferior 33.9 35.6 
L. Leg: Lo. Exterior 33.2 34.5 
L. Foot: Instep 33.4 35.0 
L. Foot: Sole 33.0 33.8 
R. Shoulder 34.5 35.0 
R. Arm: Up. Anterior 36.7 39.8 
R. Arm: Up. Posterior 33.0 33.1 
R. Arm: Up. Inferior 33.4 33.5 
R. Arm: Up. Exterior 35.0 37.5 
R. Arm: Lo. Anterior 35.8 38.5 
R. Arm: Lo. Posterior 33.0 33.3 
R. Arm: Lo. Inferior 33.2 33.6 
R. Arm: La. Exterior 36.5 40.0 
R. Hand: Handback 34.8 36.4 
R. Hand: Palm 34.4 35.1 
R. Leg: Up. Anterior 34.9 36.3 
R. Leg: Up. Posterior 33.1 33.0 
R. Leg: Up. Inferior 33.4 33.3 
R. Leg: Up. Exterior 33.2 33.1 
R. Leg: Lo. Anterior 36.1 39.4 
R. Leg: Lo. Posterior 33.0 33.5 
R. Leg: Lo. Inferior 33.9 35.6 
R.Leg:Lo.Exterior 33.2 34.5 
R. Foot: Instep 33.4 35.0 
R. Foot: Sole 33.0 33.8 
Mean skin temperature (T "",1ft> 34.4 35.5 
Rectal temperature (T ... )· 37.0 37.0 
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Table E.lS Measured local sensitivity coefficients for cold and warm stimuli at 




Body sector (area (area weighting. weighting and weighting and sensitivity 
only) to warming) sensitivity to cooling) 
Face 0.07 0.21 0.19 
Chest 0.09 0.10 0.08 
Upper back 0.09 0.11 0.09 
Abdomen 0.18 0.17 0.12 
Upper arms 0.13 0.12 0.13 
Lower arms 0.12 0.06 0.12 
Upper legs 0.16 0.15 0.12 
Lower legs 0.16 0.08 0.15 
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AppendixF 
Predicted LCD,LWD and PPD of 
subject in the BHEC building 
AppendixF 337 
Table F.1 Monthly minimum, maximum, and average PPD with standard 
deviations for a sedentary subject located in the close proximity and in the 
middle of zone. 
PPD (Nr. Window) PPD (Mid. Room) 
Max Min Ave StdDev Max Min Ave Std Dev 
Jan 75.6 5.0 8.0 9.7 30.2 5.0 6.1 3.3 
Feb 100.0 5.0 14.2 19.8 21.7 5.0 8.2 4.0 
Mar 90.5 5.0 23.9 27.1 41.9 5.0 13.5 9.6 
Apr 96.3 5.0 21.4 24.2 41.9 5.0 13.6 9.6 
May 95.7 5.0 26.4 28.4 48.5 5.0 15.5 12.9 
Jun 90.3 5.0 28.1 26.6 56.0 5.0 19.4 15.2 
Jul 100.0 5.0 38.9 33.3 99.3 5.0 30.1 23.7 
Aug 99.9 5.0 28.1 32.0 67.9 5.0 17.3 16.3 
Sep 66.1 5.0 20.3 14.6 67.4 5.0 18.9 15.5 
Oct 99.3 5.0 18.5 23.0 39.8 5.1 11.3 7.1 
Nov 92.9 5.0 10.9 13.4 20.2 5.1 8.3 3.1 
-Dec 95.6 5.0 9.8 11.8 15.7 5.1 7.4 2.1 
year 100.0 5.0 20.8 24.9 99.3 5.0 14.2 13.7 
Table F.2 Monthly minimum, maximum, and average LCD with standard 
deviations for a sedentary subject located in the close proximity and in the 
middle of zone. 
LCD (Nr. Window) LCD (Mid. Room) 
Max Min Ave Std Dev Max Min Ave Std Dev 
Jan 40.0 12.5 23.4 4.2 34.0 13.8 21.0 2.7 
Feb 33.2 4.3 8.9 4.4 25.6 3.7 8.5 2.9 
Mar 15.6 0.3 2.3 2.4 13.8 0.4 2.5 2.1 
Apr 5.1 0.2 1.8 1.1 4.6 0.4 2.0 1.0 
May 4.1 1.0 2.1 0.5 2.1 0.6 1.4 0.3 
Jun 3.2 0.5 1.4 0.5 1.6 0.5 0.9 0.2 
Jul 1.1 0.0 0.3 0.2 0.8 0.0 0.2 0.2 
Aug 9.3 0.2 1.0 1.0 6.2 0.2 0.9 1.0 
Sep 17.6 1.1 6.1 3.5 13.3 0.7 5.8 3.6 
Oct 12.5 0.8 2.5 1.5 12.1 0.8 2.7 1.3 
Nov 15.1 3.4 7.6 1.9 13.8 3.8 6.5 1.3 
Dec 15.6 3.3 9.4 2.7 14.2 5.8 8.4 1.4 
year 40.0 0.2 5.8 6.6 34.0 0.2 5.4 5.9 
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Table F.3 Monthly minimum, maximum, and average LWD with standard 
deviations for a sedentary subject located in the close proximity and in the 
middle of zone. 
LWD (Nr. Window) LWD (Mid. Room) 
Max Min Ave Std Dev Max Min Ave StdDev 
Jan 36.9 6.1 6.7 1.2 7.4 5.9 6.3 0.4 
Feb 97.4 7.4 8.8 4.8 10.8 7.2 8.0 0.6 
Mar 59.5 6.1 12.7 5.2 16.7 8.0 10.8 1.9 
Apr 43.4 7.2 11.9 3.8 16.7 8.0 10.7 1.9 
May 53.4 9.5 13.8 2.7 14.5 9.6 11.8 1.0 
Jun 27.1 9.8 15.2 2.4 20.6 10.8 13.3 1.4 
Jul 73.0 11.8 25.5 10.6 57.0 11.8 22.9 9.4 
Aug 98.7 10.2 17.6 11.0 17.6 9.1 13.4 2.1 
Sep 12.6 6.1 8.4 1.5 12.0 5.5 7.8 1.8 
Oct 77.6 6.2 10.7 5.7 14.0 7.8 9.8 1.2 
Nov 95.6 5.7 7.4 6.8 8.3 7.4 7.7 0.2 
Dec 18.9 7.1 7.7 0.5 8.3 7.2 7.5 0.2 
year 98.7 5.7 12.2 7.7 57.0 5.5 10.9 5.3 
Table F.4 Seasonal minimum, maximum, and average PPD with standard 
deviations for a sedentary subject located in the close proximity and in the 
middle of zone. 
PPD (Nr. Windowl PPD JMid. Room) 
Max Min Ave Std Dev Max Min Ave Std Dev 
winter 100.0 5.0 10.5 14.5 30.2 5.0 7.2 3.3 
spring 96.3 5.0 23.9 26.7 48.5 5.0 14.2 10.8 
summer 100.0 5.0 31.8 31.2 99.3 5.0 22.3 19.7 
autumn 99.3 5.0 16.6 18.1 67.4 5.0 12.8 10.9 
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Table F.5 Seasonal minimum, maximum, and average LCD with standard 
deviations for a sedentary subject located in the close proximity and in the 
middle of zone. 
LCD (Nr. Window) LCD (Mid. Room) 
Max Min Ave StdDev Max Min Ave Std Dev 
winter 40.0 3.3 14.0 7.8 34.0 3.7 12.8 6.4 
spring 15.6 0.2 2.1 1.6 13.8 0.4 2.0 1.4 
summer 9.3 0.0 0.9 0.8 6.2 0.0 0.7 0.7 
autumn 17.6 0.8 5.4 3.2 13.8 0.7 5.0 2.9 
Table F.6 Seasonal minimum, maximum, and average LWD with standard 
deviations for a sedentary subject located in the close proximity and in the 
middle of zone. 
LWD (Nr. Window) LWD (Mid. Room) 
Max Min Ave Std Dev Max Min Ave Std Dev 
winter 97.4 6.1 7.7 2.9 10.8 5.9 7.2 0.8 
spring 59.5 6.1 12.8 4.1 16.7 8.0 11.1 1.7 
summer 98.7 9.8 19.4 10.0 57.0 9.1 16.6 7.2 
autumn 95.6 5.7 8.9 5.4 14.0 5.5 8.4 1.6 
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